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Abstract 
The Graissessac-Lodeve Basin (southern France) preserves a thick and 
exceptionally complete record of continental sedimentation spanning Late 
Carboniferous through Late Permian time. This section records the localized tectonic 
and paleogeographic evolution of southern France, in the context of the low-latitude 
Yariscan Belt of Western Europe. This study presents new detrital zircon and 
framework mineralogy data that address the provenance of Upper Carboniferous-Upper 
Permian siliciclastic strata exposed in the Graissessac-Lodeve Basin. Detrital zircons in 
eight samples yielded significant populations that co1Tespond with the ages of regional 
tectonic events, including: 500-445 Ma (widespread granitic magmatism and volcanism 
caused by rifting and back-arc extension along the northern Gondwanan margin), 378-
331 Ma (high pressure-low temperature metamorphism and defom1ation during fore-arc 
compression, and Variscan arc-continent collision), and 330-285 Ma (magmatism, 
volcanism, and migmatization, chiefly in the southern Massif Central, related to post­
orogenic extension of the Vari scan belt). The ages and compositions of units that 
constitute the Montagne Noire metamorphic core complex (proximal to the west of the 
Graissessac-Lodeve Basin) dictate detrital zircon age populations and sandstone 
framework mineralogy in Permian formations. Cambrian-Archean detrital zircon 
populations, and metamorphic lithic-rich sandstone framework compositions are 
derived from recycled detritus of the Neoproterozoic-Early Cambrian metasedimentary 
Schistes X, which formerly covered the Montagne Noire dome. Ordovician ages and 
subarkosic framework modes result from erosion of orthogneiss units (deformed 
granitoid intrusions in the lower Schistes X) that form an "envelope" on the flanks of 
X 
the dome. In the lower-middle Permian units, the youngest zircon population 330-285 
Ma, together with feldspar-rich compositions, reflect derivation from Late 
Carboniferous-Early Permian granite units in the axial zone of the Montagne Noire. 
Hence, these data record exhumation, and progressive unroofing of the Montagne Noire 
dome. The timing of core complex exhumation was previously assumed to have 
occurred in the Pliocene-Miocene. Our results include 330-285 Ma zircon populations, 
linked to sandstone compositions of polycrystalline qua1tz, feldspar, and metamorphic 
lithic fragments, which persist through the Permian section of the Lodeve Basin 
(Loiras-Salagou formations). Using estimates of maximum depositional ages, this 
requires uplift and unroofing of the Montagne Noire core (source terrane) by ca. 295 
Ma. The most recent migmatization, magmatism, and deformation occurred at 298 ± 2 
Ma, at -17 km depth (based on peak metamorphic conditions in the gneissic core). 
Accordingly, these new provenance data demonstrate that cooling and exhumation of 
the core was rapid (3.4-17 mm/year, within error), and early (300-295 Ma), reflecting 
local paleogeographic uplift in the southern Massif Central during post-orogenic 
extension. Subsidence analysis of the Graissessac-Lodeve Basin includes rapid initial 
subsidence(� 312 m/My), characteristic of extensional rift basins during formation, 
followed by subsidence (70 m/My) that persists throughout the Permian, and is 
interpreted as the crustal response to the hypothesized progressive exhumation and 
unroofing of the Montagne Noire core complex during the Early Permian. 
XI 
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Chapter l: Introduction 
The Variscan Massif Central region of France (Fig . I) preserves evidence of an 
exceptionally complex tectonic evolution involving Late Paleozoic rifting , convergence 
and collision , horizontal thrusting , and subsequent post collisional extension , basin 
fonnation , and magmatism (Menard and Molnar , 1988; Van Den Driessche and Brun , 
1989; Malavieille , 1993; Burg et al. , 1994; Becq-Giraudon and Van Den Driessche , 
1994). Upper Carboniferous-Pennian strata in the Graissessac-Lodeve Basin (Fig. 2), 
southern Variscan Massif Central, provide one of the thickest and most complete 
records of Upper Paleozoic strata in Europe (Odin , 1986; Komer et al. , 2003; Pochat 
and Yan Den Driessche , 20 I I). 
This work assesses provenance signatures of Upper Carboniferous;- Upper 
Permian strata exposed in the Graissessac-Lodeve Basin by integrating detrital zircon 
geochronology , sandstone framework mineralogy , and subsidence analysis. The main 
objective of this research is to better understand the local tectonic and paleogeographic 
evolution of the southern Massif Central in context of the western European Variscan 
belt by reconstructing paleogeography and paleodispersal patterns . Upper Paleozoic 
strata of the Graissessac- Lodeve Basin provide a complete record of reg ional Vari scan 
tectonism , and specifically , information about the timing and nature of migmatization , 
magmatism, deformation , and exhumation of the proximal Montagne Noire gneiss 
dome in the Permian. No provenance assessment has previously been done on Upper 
Paleozoic strata in the region , so this work provides a baseline dataset for future 
paleotectonic studies in Western Europe . 
Regional Geologic Setting 
Global geography in the Late Paleozoic was governed by the fom1ation of the 
supercontinent Pangaea , and uplift of the low-latitude Central Pangaean Mountains , 
which spanned roughly I 000 km wide and 8000 km long , from the Appalachian-
Ouachita-Marathon belt of east-central North America to the Variscan Mountains of 
Western Europe (Fig . 3; Zeigler et al. , 1979 ; Matte , 1986 ; Ziegler , 1996). The Variscan 
(Hercynian) Orogeny was a long-lived, polyphase , arc-continent collision event 
extending from Early Ordovician to Late Pennian time (ca. 500-290 Ma) , as Laurasia 
(north) and Gondwana (south) collided (Fig. 3; Matte , 1986 ; Stampfli , 200 I ; Murphy 
and ance , 2008). Several microcontinents , including A valonia , Am1orica , and peri-
Gondwanan arc terranes were wedged in the collision zone (Fig. l , inset) , and ocean 
basins (such as the Iapetus and RJ1eic) opened and closed during intervals between 
continental convergence (Matte , 200 I) . Post-Vari scan orogenic collapse in Western and 
Central Europe subsequently resulted in extension and subsidence , fom1ing about 
seventy Penna-Carboniferous strike-slip to extensional basins along long-lived 
Variscan fault systems, many of which occur in the Massif Central (Fig. 2; Menard and 
Molnar, 1988; Van Den Driessche and Brun , 1989; Malavieille, 1993; Burg et al. , 1994; 
Becq-Giraudon and Van Den Driessche, 1994; McCann et al. , 2006; Roscher and 
Schneider, 2006) . Hence, the Vari scan Massif Central , and the Penna-Carboniferous 
basins within it, records the exceptionally complex tectonic evolution ofrifting , 
convergence and collision, horizontal thrusting and crustal thickening , crustal extension , 
basin formation, and magmatism related to the Late Paleozoic Variscan Orogeny. 
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The Graissessac-Lodeve Basin (Fig. 2), on the southern border of the French 
Massif Central, is a small Late Paleozoic continental rift basin that formed as a result of 
the north-south oriented extension associated with post orogenic collapse of the 
Variscan Mountains ca. 300 Ma (Menard and Molnar , 1988 ; Van Den Driessche and 
Brun , 1989, 1992; Burg et al. , 1990 ; Echtler and Malavieille , 1990 ; Faure et al. , 1990; 
Malavieille, 1993; Becq-Giraudon and Van Den Driessche , 1994). The basin covers an 
area of - I 50 km2 and contains a thick (4530 m) Permo-Carboniferous siliciclastic 
section that dips 45 °-5° southward , and onlaps Variscan (Precambrian-Cambrian) 
metamorphic basement (marble and schist) along the northern margin of the basin (Fig. 
2; Pochat et al. , 2005; Schneider et al., 2006) . The only radiometric ages previously 
obtained from the Graissessac-Lodeve Basin sedimentary fill are from thin , intercalated 
ash beds within the Salagou (Octon Member) , Loiras-Viala , and Houilliere formations , 
yielding U/Pb zircon ages of 280 Ma, 288 Ma , and 300 Ma , respectively (Korner et al. , 
1999; Bruguier et al., 2003; Korner et al. , 2003; Schneider et al. , 2006). Regardless , 
these strata are fairly well correlated to those in other European Permo-Carboniferous 
basins (e.g. St. Affrique) using lithostratigraphy, and microfloral/insect biostratigraphy 
data (Broutin et al. , 1992 ; Korner et al. , 2003). The Lodeve Basin exhibits a half-graben 
geometry, bounded by several faults (Santouil , 1980; Yan Den Driessche and Brun , 
1989), and developed along the hanging wall of the north-dipping Espinouse 
detachment. Shearing along the Espinouse detachment is documented around 295 ± 5 
Ma, controlling basin subsidence, and initiating Montagne Noire core complex 
exhumation along the footwall (Fig. 4; Van Den Driessche and Brun , 1989 , 1992; Pitra 
et al. , 2012). Most of the displacement along the detachment occu1Ted rapidly in the 
3 
Late Carboniferous and Early Pem1ian, but continued into the Late Permian (Van Den 
Driessche and Brun , 1989; Becq-Giraudon and Van Den Driessche , 1993 ; Pochat and 
Van Den Driessche, 2011). 
The Montagne Noire core complex , adjacent to the west-southwest of the 
Graissessac-Lodeve Basin (Fig. 4) is primarily composed of migmatized orthogneiss 
and micaschist, intruded by Late Variscan granodiorite , and is overlain by Late 
Neoproterozo ic-Early Cambrian schist and marble (Geze , 1949; Bogdan off et al. , 1984). 
The timing of core complex ex_humation remains unclear. Analogous Late 
Carboniferous basins located proximal to metamorphic domes in the southern Massif 
Central, such as the St. Affrique basin (adjacent to Levezou Dome) and the Ales basin 
(adjacent to Velay Dome) , contain clasts of granite and 01thogneiss that indicate these 
domes were denuded - 300 Ma (pers. commun Van Den Driessche). Oddly , pebbles of 
the Montagne Noire metamorphic dome occur in Pliocene-Miocene facies south of the 
Montagne Noire dome, but are seemingly absent in the Carboniferous-Mesozoic units 
(Cagnard, unpublished). Accordingly , complete exhumation of the Montagne Noire 
Dome was previously assumed to have not occurred until the Pliocene. 
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Chapter 2: Graissessac-Lodeve Basin Stratigraphy 
The following descriptions of Carboniferous-Pe1mian siliciclastic units in the 
Graissessac-Lodeve Basin are based primarily on facies observations and paleocurrent 
data (reconstructed to modern coordinates) summar ized by Pochat et al. (2005) and 
Schneider et al. (2006) (Figs. 5 and 6). Previous workers interpreted these strata to 
record deposition in alluvial-fluvia l, deltaic , and lacustrine environments (Odin , 1986 ; 
Odin et al., 1987; Pochat et al., 2005; Schneider et al., 2006 ; Lopez et al., 2007 ; Pochat 
and Van Den Driessche , 20 I I), and the up-section transition from grey to red coloration 
to generally reflect increased aridity and seasona lity in the Early-Midd le Permian 
(Komer et al., 2003; Schneider et al., 2006) . 
Croix de Mounis Formation (Upper Carboniferous) 
Exposed in the far west of the Graissessac-Lodeve basin , the Croix de Moun is 
Formation lies unconforrnably above Cambrian marble basement with an irregular , S-
SE steeply dipping contact. It consists exclus ively of a poorly sorted , disorganized , 
matrix-supported pebble to boulder conglomerate , - 250 m thick , with local thin (-. 25 
m) sandstone layers . Clasts compr ise angular to rounded (and rarely striated) Cambrian 
marble, quartzite , and granite. This formation is interpreted to record proximal 
(northwest) to distal (southeast) alluvia l-fan deposition (Pochat and Van Den Driessche , 
2011 ), or glacial origin (Becq-Giraudon et al., 1996). 
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Pabau and Houilliere Formations (Upper Carboniferous) 
The uppe1111ost Carboniferous Pabau and Houilliere fo1111ations are exposed in a 
reclaimed open pit coal mine . Alternating l-1.5 m beds of medium-grained sandstone , 
siltstone , carbonaceous grey-black shale , and coal beds (Pabau Formation) grade up-
section to a very coarse-grained , arkosic-micaceous sandstone in 0.5-2 m, tructureless 
beds (Houilliere Fo1mation). Sedimentary structures in lower units include graded beds , 
cross stratification , and wave ripples , interpreted to record accumulation in a fluvial-
deltaic environment (Pochat and Van Den Driesscbe , 2011 ). They may also indicate 
sub-lacustrine fan (and turbidite) deposits , or di ta! lacustrine environments in which 
three distinct sedimentation cyc les are recognized (Odin et al. , 1987). 
Usclas Formation (Lower Permian) 
The sample locality of the lower Pem1ian Usclas Formation consi ts of 
internally massive , 0.20-1 m thick beds of silt tone to medium-grained sandstone. Local 
meter-scale crossbeds indicate east-directed paleoflow (Pochat et al. , 2005). The Usclas 
Formation is interpreted to have accumulated on a lacustrine delta front (lower) to 
ephemeral lacustrine (upper) environments (Od in, 1986; Pochat et al. , 2005) . 
Loiras and Viala Formations (Lower Permian) 
An abandoned uranium mine exposes a - 150 m up-section transition from - 0.5 
m thick beds of grey-green calcareous mudstone-siltstone and interbedded red and black 
6 
mudstone (Loiras Formation) , to structureless red mudstone (Viala Formation) . Thinly 
bedded sandstone and finely laminated siltstone exhibit cuJTent ripples , hummocky 
cross stratification, desiccation cracks , and raindrop impression s. PaleocuJTent 
information from current ripples and large-scale cross bedding in the Yiala Formation , 
together with eastward thinning of the unit (from 330-50 m) , indicates northeast-
directed flow (Pochat et al. , 2005). Pochat et al. (2005) inferred a transition from 
shallow to very shallow lacustrine environments , wherea Odin ( 1986) and Schneider et 
al. (2006) posited an evolution from lacustrine to fluvial environments during seasonal , 
semiarid conditions. 
Rabejac Formation (Lower to Middle Permian) 
The basal Rabejac Formation exhibits an erosional contact with the Viala 
Fom1ation , and consists of a 0.5-1 m thick , moderately sorted , matrix-supported , 
angular-subangular pebble conglomerate. Clast compositions include intraclasts of 
underlying red mudstone (east) , and clasts of Cambrian marble (west; Pochat et al. , 
2005). Above the basal conglomerate , the unit fines upward to red , coarse-grained 
sandstone with subangular grains of quartzite and mudstone , and abundant raindrop 
impressions and desiccation cracks. Clast sizes within the basal conglomerate increase 
to the west , and together with paleocurrent data , indicate dominantly east-directed 
paleoflow (Pochat et al., 2005). Depositional environments were alluvial plain-
floodplain environment with ephemeral ponds (Schneider et al. , 2006). 
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Salagou Formation (Middle to Upper Permian) 
The basal Salagou Fom1ation consists of a lenticular , siltston e to medium-
gra ined sandstone , yie lding up section to hundreds of meters of thickly bedded , 
internally massive red siltstone and mudstone with tan calcareous siltstone and 
abw1dant desiccation cracks (Octon Member) . The uppermost Salagou Formation has a 
2-2.5 m-thick internally massive bed of medium-grained , well-so1ied , clean red 
sandstone . Rare cross-bedded , coarse-grained sandstone beds indicate northeast and 
southeast paleoflow , indi cating sed iment transport general ly from the west (Pochat et 
al. , 2005 ; Pochat and Yan Den Driessche , 2011). Pochat et al. (2005) used ripple crest 
orientations to calculate paleowind directions emanating from - 20 °E. Deposition of 
these sediments is interpreted to have occu1Ted in a large , shallow lake (Pochat et al. , 
2005) or a playa lake (Od in, 1986 ; Schneider et al. , 2006) . The Octon Member (lower 
Salagou Formation) records ephemeral lacustrine and fluvial deposits (calcareous 
siltstone) during a more arid interva l (Odin , 1986; Schneider et al. , 2006) . 
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Chapter 3: Methods 
Sampling 
We collected eight 3-4 kg samples representing six fonnations , from the Upper 
Carboniferous (Croix de Mounis Fom1ation) through Upper Permian (Salagou 
Fonnation) section of the Graissessac-Lodeve Basin for U-Pb detrital zircon analys es 
(Fig. 7). We relied on l :50,000 geologic maps of the Lodeve and Bedarieux region s 
(BRGM , 1982) , and stratigraphic columns and facies descriptions from previou work 
(Fig . 5; Pochat et al. , 2005 ; Schneider et al. , 2006 ; Lopez et al. , 2007 ; Pochat and Yan 
Den Driessche , 20 I I) to guide sample collection . We logged facies descriptions several 
meters above and below each sample site , and collected 52 hand samples of mudstone-
to coarse-grained sandstone for petrographic analyses from all detrital zircon sample 
collection locations and several supplementary locations (App . E-1 ). 
Detrital Zircon Geochronology 
Samples for detrital zircon geochronology were processed at the University of 
Arizona LaserChron Lab using traditional methods of heavy mineral separation 
described by Gehrels et al. (2008) , involving a Wilfley table , density separation with 
methylene iodide, and a Frantz magnetic separator to eliminate strongly magnetic 
particles. All zircons in the final heavy mineral fraction were retained . Each sample 
yielded >200 zircon grains that were mounted into I" diameter epoxy with standard 
zircon grains (R33 and SL) . These mounts were ground and polished to a depth of - 20 




scattered electron (BSE) images for each detrital zircon mount were acquired (Fig . 8, 
App. E-2), allowing for differentiation of separate grains , and high-resolution CL 
images of zircons from each sample show the complexities within the grains . U/Th 
versus age plots for analyzed zircons from all det:rital samples (Fig. 9) illustrate the 
nature of zircon crystallization: zircon with metamorphic origins commonly show U/Th 
> l 0, whereas igneous zircons exhibit U/Th < IO (Gehrels et al. 2008). 
Eight samples were analyzed with the laser ablation multi-collector inductively 
coupled plasma mass spectrometer (LA-MC-ICPMS) , with methods described by 
Gehrels et al. (2008). To avoid bias , grains were randomly selected for each analysis 
with the laser (spot size of 30 µm) , avoiding cracks , inclusions , and potential 
metamorphic rims . Ages of each zircon were calculated using measured levels of 
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235U, 206Pb , 207Pb, and Th in its isotopic system , and 206Pb /238U and 207Pb/235U decay 
systems; specifically using the ratios 207Pb/206Pb for grains > I 000 , and 206Pb/
238
U for 
grains < 1000. Data that are >20% discordant or >5% reverse discordant (by plotting 
206Pb/238u d 207Pb/235u . . . d' l F' I 0) 1· . d an 1sotop1c ratios on concor 1a p ots; 1g. are e 1m111ate , as 
well as analyses exceeding a 25% uncertainty filter (I a). Probability density plots 
(PDPs) are a robust presentation of measured zircon ages and uncertainties in each 
sample (Fig . I 0), where heights of peaks correspond to statistical significance (Gebrels , 
20 I 0). These plots illustrate the presence of specific age populations, but with an 
average sample size of only 90-100 grains, they may capture a biased visual 
representation (Gehrels et al. 2012; Vermeesch, 2012; Satkoski et al. , 2014) . Kernal 
Density Estimate (KDE) plots are an alternative method for plotting age distributions 
(App. E-3) wherein the uncertainty on each age is increased , "smoothing" the 
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distribution curve and including a wider range of probable age s. Some suggest that 
KDE plots have a finner theoretical basis (Vermeesch , 2012) . Nom1alized probability 
plots were generated to display normalized age spectra (PDPs) , such that the area under 
all curves is equal (Gehrels , 2010) , enabling qualitative comparison of age distribution s 
among samples . Cumulative age probability plots (App . E-4) also show the summ ed 
probability of finding zircon of a specific age in a given sample , but are plotted with 
increasing age , and allow qualitative observation of overall patterns in a set of age 
distributions (Gehrels , 20 I 0). 
To quantitatively gauge degrees of similarity and dissimilarity among age 
populations of detrital zircon in the samples analyzed , statistical comparison s were 
made using the Kolmogoroff-Smimoff (K-S) statistical test , the Overlap-Similarity test , 
and the "Likeness " test. The K-S test quantitatively compares detrital zircon age spectra 
between two or more samples to evaluate the probability (P value) that age distributions 
originated from different populations (Press et al. , 1986) . The Overlap-Similarity test 
measures the degrees of age overlap and proportional similarity between two age 
probability curves based on I cr uncertainty (Gehrels , 2000) . Most recently , the Liken ess 
metric was developed to evaluate the degree of sameness among detrital zircon age 
populations in stratigraphic context by quantifying the degree of overlap between pairs 
of PDPs (Satkoski et al. , 2014). Although the K-S test is the most familiar means of 
statistical comparison in detrital zircon studies , differing P values do not correlate 
directly to degrees of dissimilarity (Guyunn and Gehrels , 2010). Here , we employ all 
three tests to achieve a more complete quantitative analysis of degrees of similarity or 
dissimilarity among samples. 
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Sandstone Petrography 
To assess framework mineralogy , point counts were conducted on 21 thin 
sections stained for potassium feldspar. Two to four thin sections per formation from 
the Upper Carboniferous through Lower Permian section were analyzed to capture 
compositional variation temporally within and among all formations in the Graissessac-
Lodeve Basin. Both the "traditional" point-count method (Suttner , 1974 ; Graham et al. , 
1976; Ingersoll et al. , 1984) , and the Gazzi-Dickinson method (Dickinson , 1970 ; 
Ingersoll et al. 1984) were employed. In the traditional method , a sand-sized crystal 
(>62.5 µm) within a larger fragment is classified in the category of the larger fragment , 
rather than as the crystal itself. Alternatively , the Gazzi-Dickinson method classifies 
any sand-sized grain by its mineralogy , regardless of whether it occurs as a 
monocrystalline grain , or within a rock fragment. This combined approach serves to (I) 
minimize grain-size influences on framework mineralogy while retrieving maximum 
information about source rock ten-anes and tectonic origins , and (2) shed more light on 
the transport history of detrital grains. The reliability of point count results is shown 
with error ranges (Table I) , calculated based on Yan Der Plas and Tobi ( 1965) to 
evaluate the accuracy of modal analyses within 20 erTor. Framework mineralogy was 
determined by point counting 400 framework grains from each thin section. Modal 
compositions of several samples could not be determined owing to grain sizes below the 
minimum needed (62 µrn) for applying the Gazzi-Dickinson point count method. 
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Subsidence Analysis 
Subsidence analysis of the Graissessac- Lodeve Basin was done using 
OSXBackstrip (Cardozo , 2013) to perform ID Airy backstripping (App. E-5). To 
determine cumulative and tectonic subsidence, the magnitude and timing of effects from 
the following were included: (I) present day abso lute ages and thicknesses of 
stratigrap hic units (2) sediment compaction , and (3) variation in water depth during 
deposition. There is no drill core or measured section from a sing le locality that 
captures the complete thickness of the Graissessac-Lodeve basin Permo-Carboniferous 
record , so an idealized stratigraphic column (F ig. 5), reconstructed to represent 
maximum present-day thickness of all units was used (4530 m total ; Pochat and Van 
Den Driessche, 20 11 ). Inputs, formulas , and assumptions used in this program to 
generate the tectonic subside nce curve are reported in Appendix E-5. 
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Chapter 4: Provenance Results 
Table I and Figure 12 provide a summary of framework mineralogy from 2 1 
sandstone thin sections (2-4 from each forn1ation), and more detailed results of 
petrographic analyses (e.g. feldspar classification, quartz grain undulosity) are reported 
in Appendix D. In all samples, polycrystalline quartz predominates, and 
monocrystalline quartz is typically strained. Back-scatte r electron (BSE) images show 
characteristic morphologies of zircon grains from each detrital sample (Fig. 8). Full 
analytical detrital zircon age data (eight samples, representing ix formations) are 
reported in Appendix C. Zircon ages are summarized in Tab le 2 and are graphically 
represented on age-probability and concordia diagrams (Fig. I 0). Each sample yields an 
average of 92 grains with concordant ages . Rare, slightly discorda nt ages( :::: 1800 Ma) 
likely indicate partial lead loss in the U-Pb isotopic system (Dickinson and Gehrels, 
2008). Ninety-seven percent of all analyzed zircon gra ins in this study have U/Th ratios 
less than 10 (Fig. 9), consistent with an igneous origin. All statistica l tests (Tab le 3) 
show relatively consistent results. 
Croix de Mounis Formation (XDM) 
Framework mineralogy (n = 3) averages 49% quartz, I% feldspar (8 1 % 
plagioclase: 19% potassium), and 52% metamorphic lithic fragments. Zircon gra ins are 
small (most 25-50 µm; all :S I 00 µm), colorless, and moderately rounded, with rare 
euhedral grains. Cracks and inclusions are common overall, and euhedral grains exhibit 
concentric zoning. The majority of U-Pb zircon ages fall in a broad age peak from 864-
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544 Ma , with a main age peak at 643 Ma. Auxiliary age peaks include 307 Ma , l 000 
Ma , 1260 Ma and multiple peaks between 1910-2700 Ma. Statistical tests demonstrate a 
lack of similarity or overlap between the Croix de Moun is Formation and other 
analyzed units. 
Pabau and Houilliere Formations (PAB and HOU) 
Framework mineralogy of the Houilliere Formation (n = 2) averages 63% 
quartz , 34% feldspar (75 % potassium: 25% plagioclase) , and 3% metamorphic lithic 
fragments. Point counts of samples (n=3) from the Pabau Fom1ation average 60% 
quartz , 15% feldspar (94 % plagioclase: 6% potassium) , and 25% metamorphic lithic 
fragments. Detrital zircons were not analyzed from the Pabau Formation. Zircon grain s 
in the Houilliere Formation detrital sample are colorless and small (all :::; 100 µm; most 
::::= 25 µm) , and well to moderately rounded . Grains are broken and cracked and 
concentric zoning is rare. The detrital zircon age spectrum yields a narrow , primary age 
peak from 365 -307 Ma , with a peak mode at 343 Ma, a subordinate age peak at 486 Ma , 
and a small , broad age peak between 651-545 Ma , followed by numerous minor peaks 
between 2100-2000 Ma. The Overlap-Similarity test shows an age overlap between the 
Houilliere and Middle Salagou formations (P= 0 .80) , but different proportions (P= 
0.64). Other tests demonstrate a lack of similarity between the Houilliere Fo1mation and 




Usclas Formation (USCL) 
Framework mineralogy (n = 4) from the Usclas Fonnation averages 49% quartz , 
50% feldspar (45% plagioclase: 55% potassium) , and I% metavolcanic lithic fragments. 
The plagioclase feldspar (counted as such) in this sample has been pervasively altered 
to sericite (App. E-7), a unique fom1 not found in other samples. Zircon grains are 
colorless, small (mostly 50-60 µm), and moderately to poorly rounded , with some 
prismatic grains. Many grains have cracks and inclusions , and concentr ic zoning is 
apparent in - 10% of the grains, most of which are more often euhedral. The detrital 
zircon age spectrum for the Usclas Formation is nearly unimodal , yielding a narrow 
principal age peak at 460 Ma. There is also a small peak at 618 Ma, and several 
minimal age populations between 372-28 1 Ma, and 2023- 755 Ma. Statistical tests 
demonstrate a lack of similarity or overlap between the Usclas Formation and other 
analyzed units. 
Loiras Formation (LRS) 
The Loiras Formation is too fine-grained to enab le point counting for framework 
mineralogy. Detrital zircon grains in the Loiras Formation are sma ll (all :s I 00 µm; most 
25-30 µm), colorless, and well to moderately rounded. Cracks are common and there 
are core and rim zones present in very few grains. A multimodal age distribution 
includes main age peaks at 302 Ma and 463 Ma, and severa l successive peaks that 
gradually decrease in dominance with age, including 600 , 690 , 769, 859, 940 , 1754 Ma. 
Small age groups exist between 1962-1761 , 2066, and 2596 Ma. All statistical 
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comparisons show a strong similarity (P > .05, K-S) and overlap of ages and proportion s 
(Pavg> .75) between the Loiras Fom1ation and all three Salagou Fo,mation samples. 
Rabejac Formation (RAB) 
Framework analyses of the Rabejac Formation (n = 2) averages 57% quartz , 
28% feldspar (71 % plagioclase: 29% potas sium) , and 15% metamorphic lithic 
fragments. Zircon grains are colorless and variable in size (50-120 µm; most - 80 µm) , 
moderately rounded to commonly euhedral , rarely cracked , and most exhibit distinct 
zoning . Concordant analyses yield a main age peak at 305 Ma , seco ndary population 
peaks at 453 and 649 Ma, and less significant populations at 716 , 775 , 2200-800 Ma, 
and 2900-2600 Ma. The K-S test suggests the Rabejac Formation has a unique 
provenance relative to other samples (P < .05) , but the Overlap-Similarity test detect s 
parallels with the Middle Salagou Formation (P > .78). 
Salagou Formation (SAL) 
Framework mineralogy of the Lower Salagou Formation (n = 4) shows detrital 
modes averaging 39% quartz , 44% feldspar (91 % plagioclase: 9% potassium) , and l 7% 
metamorphic lithic fragments. Framework analyses of detrital grains from the Upper 
Salagou Formation (n = 3) average 55% quartz , 31 % feldspar (90% plagioclase: I 0% 
potassium) , and 14% metamorphic lithic fragments. Multiple petrographic samples (n = 
5) collected from the middle Salagou Formation consist exclusively of massive red 
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mudstone, and are too fine gra ined for point count ing. BSE images of zircon grains 
from three Salagou Formation samples show co lor less , well to moderately rounded 
zircons , with rare euhedral grains. Z ircon sizes vary in each sample: ln the Lower-
Middle Salagou most are 50-70 µm , w ith much larger euhedral grains , and in the Upper 
Salagou sizes range from 20- 100 µm , the majority - 30 µm. Fractures and inclusions are 
rare to absent in the lower to middle Salagou zircon amples , but common in the 
uppermost zircon samp les , and concentric zoning is exc lusive to euhedra l grains. 
Concordant ana lyses yie ld a principal age peak at 460 Ma in all three samples. The 
middle and upper Sa lagou age distributions also contain equally dominant age peaks at 
287 and 294 Ma , respectively , and the basal Sa lagou samp le has a subordinate age peak 
at 311 Ma. The uppennost Salagou Fom1ation has a third main peak at 630 Ma, whereas 
the middle Salagou Fom1ation has a sma ller , broad peak (688-573 Ma) and the basal 
Salagou a slight ly younger , minor age peak at 550 Ma . All three samples contain 
additional ages between 836-7 11 Ma , 1060-915 Ma , 2160-1856 Ma , 2920-2498 Ma. All 
statistical ana lyses detect similar ages and proportions within the three Salagou 
Fom1ation samp les (P > .05 K-S; Pavg> .75 O-S; 60% Like) as well as with the Loiras 
Formation (mentioned previously). 
Basin Subsidence 
The tectonic subsidence [residual] plot (Fig . 13) of the backstripped 
Carboniferous-Permian Lodeve Basin shows the tectonic subsidence curve (See 
Appendix E-5 for inputs and sources , and "Methods " chapter for assumptions). The 
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subsidence history of the Lo deve Bas in includes two distin ct tecto nic phases w ith 
vary ing rates of subsidence. F irst, there is rapid La te Carbo nifero us (300-295 Ma) 
tectonic subsidence of 1.56 km ove r 5 M a (3 12 m/My). Usi ng the a lternat ive 295 Ma 
age of basin fonn ation (pos ited by Poi I vet et a l., 20 I I ; Pitra et a l., 201 2) , this initia l 
subsidence rate is even more rapid , subsid ing by the same amount in < I Ma ( 1500 
m/My). Subsequent early-late Per mian (295-258 Ma) subs idence of 2.55-2 .6 1 km 
persisted ove r 37 Ma (70 m/ My) , and likely cease d in the Ea rly Triass ic (ca. 250 Ma) . 
19 
Chapter 5: Discussion 
Detrital zircon geochronological data are presented on normali zed probability 
plots (Fig . 14) that display age spectra for all eights samples , and denote main age 
populations (summarized in Table 2) with colored bars. These age groups are separated 
by natural age breaks (App. C), and include Middle Carboniferous-Early Pem1ian (330-
285 Ma) , Late Devonian-Early Carboniferous (378-331 Ma) , Cambra-Ordovician (552-
445 Ma) , Late Neoproterozoic (615-555 Ma) , Early-Middle Neoproterozoic ( I 000-617 
Ma) , and Mesoproterozoic-Archean (3000-1000 Ma). Sandstone framework modes are 
cast on QFL and QmFLt ternary plots (Fig. 15; Table I ; Dickinson et al. , 1983), and 
supplement detrital zircon data in evaluating siliciclastic provenance in context of 
tectonic setting. Possible source ten-anes include plutonic (granite) , volcanic (tuff) , and 
metamorphic (orthogneiss protolith ages , "Schistes X"). Provenance ten-anes are 
considered in areas both proximal (Fig. 16) and distal (Fig. 17 and 18) relative to the 
Graissessac -Lodeve Basin. 
Vertical Trends 
Detrita/ Zircon Geochronology 
All Permo-Carboniferous formations in the stratigraphic section contain 
relatively similar detrital zircon age populations , except the statistically unique Croix de 
Mounis Formation. However , the dominant (peak) age population changes for each unit , 
and proportions shift through time. The oldest gra in populations (3000-1000 Ma) make 
up 15-25% of the zircon population in younger units (Loiras and upper Salagou 
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fomrntions), and are minor lower in the section (only 5-9% for Usclas-Houilliere 
formations). When binned into three separate categories according to natural age breaks 
in the zircon populations (Mesoproterozoic 1300-1000 Ma, Paleoproterozoic 2200-1600 
Ma, and Early Paleoproterozoic-Archean >2200 Ma) , the majority of older ages in each 
unit are consistently Paleoproterozoic (avg . 8%) rather than Mesoproterozoic (avg. 4%) 
or Archean (avg. 4%). eoproterozoic ( I 000-555 Ma) ages predominate in the Croix de 
Mounis Formation (79%), more so than in other units, and represent an especially wide 
range shown by a broad peak (Fig. 14). These ages compose only 21-25 % of the 
population in the Houilliere , Usclas , Rabejac , and lower Salagou formations , and are 
significant (39-48 %) in the Loiras and middle-upper Salagou fonnations. Qualitatively , 
the normalized probability plots for all samples exhibit a biased distribution with higher 
population peaks between ca. 615-555 Ma ; however , all samples contain more grains 
between 1000-617 Ma (Early-Middle Neoproterozoic grains ; avg. 28 %) than Late 
Neoproterozoic ages (avg . 9%). Cambro-Ordovician (552-445 Ma) ages are 
insignificant in the Upper Carboniferous (Croix de Mounis : 4%), but predominate in the 
Lower Permian Usclas Formation (59%). These ages occur in other Permian units , but 
with no distinct pattern: 11-17% (Loiras , Rabejac , upper Salagou) , and 23-32 % (lower-
middle Salagou). Late Devonian-Early Carboniferous (378-331 Ma) grains predominate 
uniquely in the Houilliere Formation (41 %), and are absent to rare in all other units (0-
9%). The youngest population of grains (330-285 Ma) appears first in the Loiras 
Formation (15%), predominates in the Rabejac Formation (39%) , and persists through 
the Salagou Formation (11-18%). 
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Statistica l comp arison of all analyze d sampl es yield P-va lues and perce ntages 
that show eac h form ation record s a uniqu e prove nance signature, w ith the exception of 
the stron g simil ari ty betwee n the Sa lago u and Lo iras format ions. This is surpri sing 
beca use these unit s are not stra tigraphi ca lly contiguous, separa ted by the Rabejac and 
Y iala form ation s (F ig. 5). 
Framework Mineralogy 
All sandstone sampl es exhibi t significant fe ldspar and/or lithi c contents , plott ing 
as subarkos ic to lithareni te (F ig. 15). Plag ioc lase fe ld par (7 1-94 %) domin ates in most 
of the sampl es (Ta ble I), wi th the exce ption of the Usc las and Ho uilli ere sam ples , 
wherein potass ium fe ldspar (55-75 %) predominates . Overa ll, po lycrysta lline quartz is 
preva lent, and monocrys talline quartz typica lly ex hibits a stra ined or undul ose text ure 
(App . D-2), cons istent with a meta morphi c orig in (Basu et a l., 1974). 
The lowe rmost sampl es in the sec tion (Cro ix de Mo uni and Pa bau form at ions) 
contain abund ant metamorphic lithi c fragments (52-25 %, res pective ly) , and re lat ive ly 
little feldspar ( 1-15%, plag ioc lase). These sampl es plot in the " recyc led oroge n" fie ld 
on ternary dia grams (F ig . 15), sour ced fro m oroge ns that have experienced parti a l 
metamorphi sm or upli fting along fo ld and thrust be lts (Dickin son and Sucze k, 1979; 
Dickin son et al., 1983). Th ey are not quartzose , crato n-derive d material, but are 
intermediate in compo sition ( cont ainin g feld spar), sugges ting some influ ence of igneo us 
sourc e terranes (Dickin son et al., 1983). The Rabej ac and the maj ority of the upp er 
Salagou formation sampl es are slightly more qu artzose than older formations, have 




feld spar content in these sampl es (avg. 30%) may signify onset of a plut onic 
contribution . The lower Salago u Formation is fe ldspathi c (44 %, mainly plag ioc lase) , 
and plot s in the "dissected arc" tec tonic settin g. Detrital modes plottin g in thi s cluster 
are generally arkosic, and simil ar to sand s der ived fro m gra nitic and gneiss ic basemen t 
uplift s within contin ental blocks (Di ckinson et al., 1983). No ne of the expose d 
basement terranes rese mbl e a relict magm atic arc, so sampl es clustered in the "dissected 
arc" tectoni c setting (F ig. 15) likely reflect ero din g gra nitic or gneiss ic base ment 
(within the contin ental bloc k) w ith a loca lized intermi xing of metamorphi c lithi c gra ins 
from the recyc ling of cove r roc ks (Dick inson et al., 1983) . The Houilli ere and Usc las 
Fomrntion s are [potass ium] fe ldspar-rich (34 % and 50% , res pec tive ly) , and lithi c-poo r 
( 1-3%), and reflect derivation fro m transitional co ntin enta l or base ment upli ft sources 
(Fig. 15). 
Potential Sources for Detrital Zircon Grains 
Possible sour ce terranes in the Varisca n Be lt are discusse d acco rding to natura l 
age gro upin gs of zircon popul ations (F ig. 14; Table 2) . 
Archean-Precambrian Ages (3000-1000 Ma) 
Precambri an base ment terranes so uth of the Vari sca n suture compri se acc reted 
island -arc terran es subsequently buri ed by thick Proterozo ic-Lowe r Paleoz oic pass ive 
margin sediments prior to the Vari sca n oro geny, and thu s Preca mbri an crys talline 
basement is not known in the Ma ss if Ce ntra l, nor anyw here south of the Varisca n sutur e 
zone (Mattauer , 2004) . The only remnant s of old cratoni c base ment in the Varisca n belt 
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(Fig. 18) are sma ll exposures of 2200-1800 Ma Jcartian Gneiss in the northern 
A1111orican Massif (Brittany and the Channe l Islands) and the Svetlik (2100-2050 Ma) 
and Dobra (1380 Ma) gneisses of the Bohemian Massif (Linnemann et al. , 2007) ; these 
ages also resemble Ebumean basement (2100 Ma) and intrusions (2200-1800 Ma) that 
occur on the West African craton (Allegre and Ben Othman , 1980). The Bohemian 
Massif is dominated by > 2050 Ma basement (Saxo-Thuringian Eburnian basement 
2100-1700 Ma , and Moldanubian lcartian basement 2000 Ma) , and may also represent a 
source for Precambrian zircons. Archean (3200-3000 Ma) ages are characteristic of 
metavolcanic sources on the West African craton (Montero et al. , 2007) or other peri-
Gondwanan terranes to the south (Fig . 18), and are often contained as intercalated 
blocks in Cadomian (650-500 Ma) basement terranes (Fig . 18; Murphy et al. , 2004). In 
summary , Archean-Precambrian zircon populations are not local , and likely reflect 
derivation from reworked basement terrane ( deeply buried accreted terranes) in recycled 
sedimentary or metasedimentary units. 
Neoproterozoi c Ages (1000-555 Ma) 
Most samples present a natural age break between Early-Midd le ( 1000-617 Ma) 
and Late (615-555 Ma) Neoproterozoic. Basement terranes ca. 1000 Ma are unknown 
for Western Europe south of the Vari scan suture (Mattauer , 2004) , and are inferred to 
reflect reworked Gondwanan , or peri-Gondwanan teITanes , such as A valonia ( e.g ., 
1300-1000 Ma Britain and Brabant Massif) or Amazonia /Oaxaquia , a land mass 
possibly connected to western Iberia (Fernandez-Suarez et al. , 2000 ; Murphy et al. , 
2004) , and therefore to the west-southwest of northern Gondwana (Massif Central) , in 
the Neoproterozoic (Fig . 18). Cadomian basement (650-500 Ma) characterizes the 
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Arn1orican and Iberian Massifs , and the Moravo-Silesia zone of Bohemia (590-550 Ma) 
(Fig. 18; Murphy et al., 2004). Other Late Neoproterozoic ages may reflect 700-677 Ma 
plutonism in Britain and Wales (A valonia) and 6 I 6-540 Ma volcanism and plutonism in 
the northern Armorican Massif (Murphy et al. , 2004) , as well as 600-575 Ma volcanism 
and plutonism in northwestern Iberia associated with the Pan-African arc-continent 
collision where 650- 700 Ma and 850-900 Ma ages represent older components of the 
Pan-African arc (Montero et al. , 2007). In summary , Neoproterozoic-Cambrian ages 
(I 000-555 Ma) represent recycling from Neoproterozoic metasediments that contain 
remnant material from distal sources; notably , the > 545 Ma metasedimentary " Schistes 
X" which formerly covered the Montagne Noire Dome (Fig. 19). 
Cambra-Ordo vician Ages (552-445 Ma) 
Middle Ordovician (494-450 Ma) felsic , calc-alkaline magmatism and 
volcanism caused by post-Cadomian to early Yariscan subduction , rifting and back-arc 
extension along the no,thern Gondwanan margin was widespread in the Yariscan Belt , 
marked by regional evidence in the Massif Central (Montagne Noire) , the southern 
Armorican Massif , and the Iberian Massif (Fig. 18; e.g. Bard , 1978; Pin and Marini , 
1993; Soula et al. 2001; Mattauer , 2004 , Roger et al. , 2004 ; Montero et al. , 2007; 
Ballevre et al., 2012 , Pitra et al. , 2012). 
The emplacement [protolith] age of migmatized granitic orthogneiss in the 
southern Massif Central ranges from 480-450 Ma (Fig. 17; Roger et al. , 2004; Cocherie 
et al., 2005; Melleton et al. , 201 O; Diez Fernandez et al., 2012; Arenas et al. , 2014). 
These granitoids intruded the lower metasedimentary "Schistes X" (Fig. 4c) , and were 
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subsequently deformed into orthogneiss during Variscan compression and deformation 
(Debat , 1974; Bard , 1978; Lescuyer and Cocherie , 1992; Cocherie et al. , 2005) . 
Locally, 470-450 Ma calc-alkaline augen orthogneiss (e.g. Gorges d'Heric , Pont du 
Lam, St. Eutrope) on the flanks of the Montagne Noire Dome (Fig. 16; Roger et al. , 
2004 ; Pitra et al., 2012) reveal the most proximal and likely sources for Ordovician 
zircons in the Graissessac-Lodeve Basin. More distal to the north , the 469 Ma Pinet 
orthogneiss (Fig. 17; Melleton et al., 20 I 0) also represents a potential source for 
Ordovician zircon , but is inconsistent with measured paleoflow. Cambro-Ordovician 
foreland basin metasedimentary rocks (schist and marble) on the north and south flanks 
of the dome (Fig. 4c; Bogdanoff et al. 1984), and Schi tes X (> 545 Ma ; Lescuyer and 
Cocherie , 1992) likely sourced zircons on the older end of this age group (550-500 Ma) 
recycled from distal Cadomian sources. 
Middle Silurian- Middle Devonian Ages (430-394 Ma) 
Zircon populations 430-394 Ma are essentially absent in all fom1ations (0-6 %), 
and may reflect a tectonic lull in the southern Massif Central. 
Late Devonian- Early Carbonif erous Ages (378-331 Ma) 
High-pressure metamorphism persisted in the Late Devonian (380-350 Ma) , and 
closure of the Rheic Ocean ca. 380 Ma led to collision of Laurenti a, Bal ti ca and 
Avalonia, with Gondwana and the Armorican microcontinent, in the Yariscan orogeny 
(Matte, 200 l; Arenas, 2014). Convergence persisted through the Carboniferous , causing 
extensive intracontinental metamorphism and defonnation in the Yariscan Belt (Arenas , 
2014), chiefly in the northern and central Massif Central. Small exposures of 367-355 
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Ma volcanic units in the northwest Massif Central (Fig. 17) were generated during 
subduction of a magmatic arc and back-arc complex that formed in the Middle 
Devonian (Didier and Lameyre , 1971; Pin et al. , 1982 ; Pin and Paquette , 1998 ; Roger et 
al. , 2004) . Zircon populations of this age are relatively insignificant in our section 
(so lely ex ist in the Houilliere Formation) , and were difficult to explain due to the lack 
of Late Devonian- Ear ly Carboniferous plutonic sources in the region (see 
"Provenance" section for fu1ther discussion) . 
Middle Carboniferous- Early Permian Ages (330-285 Ma) 
The main phase of plutonism , volcanism , and migmatization , chiefly in the 
Massif Central , is related to post-orogenic , northeast-southwest crustal extension , and 
co llapse of the entire Variscan belt occun-ed during the Middle to Late Carboniferous 
(Burg et al., 1994). The youngest detrital zircon age group (330-285 Ma) is prevalent in 
Permian fonnations of the Lodeve Basin (Loiras , Rabejac , and Salagou). Two distinct 
crustal melting stages have been recognized in the Montagne Noire Axia l Zone: (I) 319 
± 2 Ma migmatization and deformation of the dome , and La Salvetat-Laouzas granite 
emplacement , and (B) a second melting event 298-295 Ma , coeva l with Montalet 
granite emp lacement 294 ± 3 Ma (Ma lusk i et a l., 1991; Poilvet et al. , 2011; Poujol et 
al. , in review). Granite emp lacement in the nearby Velay Dome is also dated at ca. 300 
Ma (Didier and Lameyre, 1971 ; Malavieille et al. , 1990; Ledru et al. , 200 I) . 
Interbedded 298-295 Ma tuff horizons in the Graissessac-Lodeve basin as we! I as 
' 
several other Penna-Carboniferous sed imentary basins in the southern Massif Central 
(e.g. , Roujon-Neffies , Cevennes , Jaujac, Bertholene; Fig. 17), document the climax of 
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sho1i-lived explosive volcanism in the southern Massif Central (Bruguier et al. , 2003); 
the extrusive component of Late Carboniferous magmatism . 
Provenance and Tectonic Implications 
The Upper Carboniferous section of the Graissessac-Lod eve basin directly 
overlies eoproterozoic- Lower Cambrian (> 545 Ma) metasedimentary basement 
(Schistes X) , exposed at Mont de Lacaune , just no1ih of the Lodeve Basin (Fig. l 9) . 
Schistes X is a biotite-granite-staurolit e micaschist that prev iously covered the 
Montagne Noire dome (Fig. l9 ; Bogdanoff et al. , 1982 ; Van Den Drie ssc he and Brun , 
1989; Lescuyer and Cocherie , 2002). Archean throu gh Cambrian zircon population s 
require derivation from distal terran es . Therefore , the presence of these ages in al I 
analyzed formations reflects the prevalent recycling of sediment from Schistes X, which 
contains material originally derived from the West African craton (northern Gondwanan 
margin) or other distal Cadomian basement terranes (F ig. 18). The predominance of 
I 000-555 Ma Neoproterozoic grains (Fig. 14), and metamorphic lithic fragments (Fig. 
15) in the Croix de Mounis Forn1ation , together with east -southeast-directed paleoflow , 
identifies Schistes X as the principal source. 
The principal 378-33 l Ma peak (Fig. 14) and a potassium feldspar-dominant 
framework mode (Table 2) define a unique source for the Houilliere Fo1mation. In the 
Massif Central , these ages correspond to timing of intense metamorphism and 
deformation , but apparently not plutonism since there are no known igneous bodies of 
this age in the region (Fig. 17). Thus , the pre sence of Late Devonian-Early 
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Carboniferous zircon populations in the Houilliere Fo1mation is explained by distal , or 
buried plutons that were proximal to the Graissessac-Lodeve basin during the Late 
Carboniferous. The present-day configuration of the basin does not reflect its Late 
Paleozoic geometry , as several tectonic events such as the Pyrenean Orogeny have 
occmTed since then. Thus , it is plausible that there are Late Devonian-Early 
Carboniferous sources that were uplifted and eroding at the time , and have been 
subsequently buried beneath thick , Paleozoic-Mesozoic sediment. There are several , 
deep ( 4-5 km) Penna-Carboniferous sedimentary basins in the area ( e.g. the St. 
Affrique basin , just north of the Graissessac-Lodeve basin) , wherein the age and 
composition of basement remains largely unknown . Additionally , Triassic sediment wa s 
~ 1-2 km thick (pers. commun. Pochat and Van Den Driessche, 2014) , and has 
preferentially eroded , leaving expanses of thick sediment that may conceal the presence 
of deeply-buried plutonic sources for zircon in the Houilliere Fom1ation . This 
"phantom " source was apparently only uplifted and eroding briefly , as the Late 
Devonian-Early Carboniferous zircon population wanes to very few grains in the Usclas 
formation , and then absent in the up-section Permian formations (Fig. 14). 
Ordovician ages predominate in the feldspar-rich Usclas Fom1ation (45% 
plagioclase; 55% potassium), and were sourced principally from the 480-450 Ma 
"orthogneiss envelope" that surrounds the Montagne Noire dome (Fig. 16). The 
protolith for these orthogneiss units are granitoids that intruded the lower Schistes X 
before Yariscan compression and deformation (Fig. 4). East-directed paleoflow , and 
subarkosic framework compositions (Fig. 15), are consistent with this interpretation . 
Cam bro-Ordovician age populations, derived from the gneissic flanks of the Montage 
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Noire dome are substantial in all later Permian units (Loiras , Rabejac , and Salagou , 
formations) , and are especially prevalent in the Loiras and Salagou formations. 
O1thogneiss composition in the Montagne oire dome is variable (Demange , 1982; 
Soula et al., 200 I) ; some have potassium feldspar-depleted compositions , and are rich 
in plagioclase feldspar ( I 0%: 40%), while other composition s are dominated by 
potassium feldspar (40%: 10%). Upper Permian units (Loiras , Rabejac , Salagou) 
contain abundances of plagioclase , but a relative paucity of potassium feldspar (Table 
1). It is likely that Permian fom1ations have detrital contributions from local Ordovician 
orthogneiss with lower potassium feldspar compositions , compared to underlying units 
(Houilliere , Usclas) that are sourced by Ordovician augen 01thogneiss. 
Notably , the Loiras and Salagou formations are fine grained (siltstone and 
mudstone) relative to older units (Fig. 6), but zircon grain sizes recovered from these 
samples approximate sizes of zircons from coarser-grained units (Fig. 8), possibly 
reflecting their derivation from the same sources. Although they are not 
stratigraphically contiguous (separated by the Rabejac formation) , the Loiras and 
Salagou formations have statistically similar age populations (Table 3). It is possible 
that this inconsistency in provenance spectra (both age and composition) between the 
Rabejac Formation and the Loiras-Salagou formation may be influenced by a grain size 
or depositional environment bias, rather than a difference in source; the Rabejac is 
coarser, conglomeratic and interpreted as a fluvial deposit , while the Loiras and Salagou 
are largely composed of fine-grained , lacustrine mudstone. 
The youngest 330-285 Ma age peak emerges in the Loiras Formation , 
predominates in the Rabejac Formation , and persists through the Salagou Formation . 
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These ages also appear to reflect local derivation from the Montagne Noire dome (Fig. 
16), where granite emplacement ages are 320-294 Ma. The location of the Montagne 
Noire Dome directly west of the Graissessac-Lodeve basin (Fig. 16) is consistent with 
documented east-directed paleoflow throughout the Permian (Pochat et al. , 2005) , and 
the angular , basal conglomerate of the Rabejac Formation signals a locally derived , 
proximal source. Other 330-300 Ma granitic bodies occur within the Massif Central , 
north of the Lodeve Basin (e.g . Margeride Massif, Velay Dome) , but are distal , and 
inconsistent with measured paleotlow. Early Permian volcanism was syn-depositional , 
evinced by 298-295 Ma volcanic ash layers interbedded in southern Massif Central 
Permo-Carboniferous basins (Fig. 17). Thus , remobilized zircon from these layers 
initially poses the most obvious provenance choice for the youngest zircon populations. 
However , the lack of volcanic lithic fragments , and prevalence of metamorphic lithic 
fragments and strained , polycrystalline and/or undulose (metamorphic) quartz (Fig. 11, 
App . D-2) refute this interpretation. Furthermore , such thin ash layers could not account 
for the voluminous zircons represented by the 300-285 Ma detrital populations (Gehrels 
et al., 2012) . The re-appearance of older Neoproterozoic zircon populations ( 41-48 %) in 
the Loiras -Upper Salagou Formations reflects the persistent unroofing of Schistes X 
from the Montagne Noire dome cover in the Permian , and explains why these 
formations plot as a "mixed" tectonic signal (Fig. 15), incorporating zircons from 330-
294 Ma granitoids and 480-450 Ma orthogneiss , with significant numbers of older , 
reworked zircons( > 500 Ma). 
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Early Permian Exhumation of the Montagne Noir e Dome 
The ages of units that constitute the Montagne Noire core complex govern the 
main detrital age populations of Permian strata in the Graissessac-Lodeve Basin , and 
signify deep-seated erosion (Fig . 19). Units associated with the Montagne Noire 
provenance include Late Variscan 320-294 Ma granitoids in the axial dome , adjacent 
480-430 Ma orthogneiss on the flanks , and the Late Neoproterozoic- Early Cambrian 
metasedimentary Schistes X, which covered the dome prior to eros ion , and contains 
older , recycled detritus (Archean-Cambrian) with Pan-African (northern Gondwanan) 
and Cadomian basement origins. Ear ly Penni an exhumation and eros ion of the 
Montagne Noire metamorphic core comp lex (Figs . 16, 19) is evinced by: 
(A) Significant 330-285 Ma zircon populations in the Loiras Formation (15%), 
Rabejac Formation (39%), and Salagou Formation ( 11-18%) that correspond with 
granite emplacement ages in the Montagne No ire Axial Zone. 
(B) The re-appearance of substantial Neoproterozoic zircon populations in the 
middle-upper Permian units (39-48 % Loiras-Salagou formations) , presumably from 
erosion of metasedimentary Schistes X (fom1er dome cover) . 
(C) The considerable presence of Ordovician zircon age populations interpreted 
to have been derived from orthogneiss on the flanks of the dome: 53% in the Usclas 
Formation (earliest Permian) and 23-32 % in the Lower-Middle Sa lagou Formation . 
(D) Framework compositions reflecting gneissic-granitic sources (Fig . 11 ). 
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(E) Consistencies with previous work in the basin (Pochat et al. , 2005) that 
repo,t east-northeast-directed Permian paleoflow , and coarse-grained local sedimentary 
signatures of lower Pem1ian fo,mations (e.g . Usclas , Rabejac) . 
At present , the tectonic interpretation for the fom1ation of the Montagne Noire 
gneiss dome remains controversial (Van Den Driessche and Brun , 1992 ; Soula et al. , 
2001). Several ideas have been proposed that include ductile wrenching and diapirism 
from regional north-south shortening (Arthaud , 1970; Nicolas et al. , 1977 ; Beaud , 1985; 
Mattauer et al. , 1996 ; Matte et al. , 1998) . However , evidence for late Paleozoic post-
Yariscan extensional tectonics , thermal relaxation , and high temperature low-pressure 
metamorphism (peak 700 °C at 5 Kb in the gneissic core; Fig. 4b ; Soula et al. , 200 I) , 
favors the extensional metamorphic core complex model (Van den Driessche and Brun , 
1992). This involves isostatic uprising and defom1ation of the lower crust in an 
asymmetrical extensional system that generated roll-under folding of the footwall 
(Southern Nappes) , basin development in the hangingwall (Graissessac-Lodeve , St. 
Affrique), and contemporaneous detachment of the Espinouse Fault , which initiated 
Montagne Noire core complex exhumation (Fig. 19; Pochat and Yan Den Driessche, 
2011; Pitra et al., 2012). 
As mentioned previously, a Pliocene-Miocene exhumation timing of the 
Montagne Noire dome was assumed prior to this work , but our findings require uplift 
and unroofing of the dome in the Early Permian. Framework mineralogy of fine-grained 
Upper Permian sandstone (Rabejac-Salagou) verifies the abundance of metamorphic 
lithic fragments and feldspar , which perhaps represent the fragmented fo,m of clasts 
derived from the Montagne Noire Dome. P-T-t paths show that gneiss and migmatite in 
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the Axial Zone were uplifted higher and faster than surrounding schist and orthogneiss , 
and that the core was rising continuously during 340-316 Ma metamorphism and 
deformation (Costa and Maluski, 1988; Maluski et al. , 1991 ; Matte et al. , 1998 ; Soula et 
al. , 200 l). Peak metamorphic conditions in the gneissic core , and metamorphic ages 
from the La Salvetat rnigrnatite indicate a 16.5-17 .5 km depth of the core during most 
recent 298 ± 2 Ma migmatization (Maluski et al. , 1991 ; Poujol et al. , in review) , 
assuming a thermal gradient of - 40 °C/km (Thompson and Bard , 1982). Emplacement 
of the Montalet granite at 294 ± 3 Ma (Brun and Van Den Driessche , 1994 ; Poi I vet et 
al. , 20 I I) coincides with shearing and defom1ation of the St. Eu trope granite (295 ± 5 
Ma) along the Espinouse Detachment (Fig. 16, 19; Pitra et al. , 2012). 
The maximum depo itional ages (youngest populations) of detrital zircons 
sourced from the dome (App . E-9) require that erosion of the Montagne Noire core 
complex occurred by 295 Ma . Together with documented 298 ± 2 Ma migmatization of 
the core complex at ::: 17 km depth (Maluski et al. , 1991 ; Poi I vet et al. , 2011; Poujol et 
al. , in review) , this implies rapid (3.4-17 mm/year , within error) exhumation of the core 
to the surface from ca . 300-295 Ma . Contemporaneous detachment of the Espinouse 
fault controlled the exhumation of the dome along the footwall, and Graissessac-Lodeve 
basin formation along the hanging wall (Fig . 19; Van Den Driessche and Brun , 1989 ; 
Pitra et al. , 2012). Detrital zircon ages (330-285 Ma) in the Pem1ian strata of the Lodeve 
Basin demonstrate that dome exhumation persisted through the Permian. 
Backstripping analysis of the Lodeve Basin (Fig . 13) sheds additional light on 
the tectonic evolution , including the hypothesized rapid uplift of the Montagne Noire 
gneiss dome. The duration and rates of subsidence of the Lodeve Basin are consistent 
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with extensional , rift basin subsidence (Allen and Allen , 2005 ; Xie and Heller , 2009) ; 
specifically , the initial rapid (2': 312 m/My) subsidence during crustal exten sion and 
associated basin development ca. 300 Ma. Long-lived subsidence (avg . 70 m/My) 
persists throughout the Pe1111ian, and reflects the crustal response to the progressive 
exhumation of the proximal Montagne Noire dome , which also likely caused the tilted , 
half-graben geometry of the Lodeve Basin (Fig . 2). In the Triassic (ca. 250 Ma) , an 
abrupt transition occurs from tectonically driven subsidence , to more gradual post-rift 
them1al subsidence . 
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Chapter 6: Conclusions 
Detrital zircon populations from Carboniferous-Permian strata of the 
Graissessac-Lodeve basin in the southern Massif Central reveal evidence of localized 
tectonic events related to the Variscan Orogeny . Neither the tectonic nature , nor 
exhumation timing of the Montagne oire dome has been previously constrained , but 
our results show that sandstone framework modes and detrital zircon ages in Pennian 
strata of the Graissessac-Lodeve basin are governed by the ages and compositions of 
units that make up the Montagne Noire gneiss dome (located adjacent to the south-
southwest) , thus signaling its exhumation and unroofing in the Early Pennian. 
Provenance of the Graissessac-Lodeve basin includes (I) eoproterozoic- Early 
Cambrian zircon ages , strained or polycrystalline quartz , and abundant metamorphic 
lithic fragments derived from the prevalent recycling of the metasedimentary "Schistes 
X" which formerly covered the dome , (2) Ordovician zircon ages and fe ldspathic 
compositions sourced from granitic orthogneiss units within and on the flanks of the 
core complex, and (3) Late Carboniferous- Early Pennian (330-285 Ma) detrital zircon 
ages in the Pennian section (Loiras , Rabejac , and Salagou formations) that are sourced 
from deep seated erosion of abundant , Late Variscan (ca . 320-294 Ma) granitoid in the 
axial zone of the Montagne Noire core complex . The youngest detrital zircon 
populations in the Penni an fom1ations of the Lodeve Basin require uplift of the 
Montagne Noire Core Complex by ca. 295 Ma. Together with previously documented 
298-295 Ma migmatization and magmatism at - 17 km depth in the gneissic dome core , 
and rapid tectonic subsidence that persisted simu ltaneously throughout Permian 
deposition in the Graissessac-Lodeve basin, exhumation of the dome to the surface 
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occuITed rapidly (3.4-17 mm/year) between ca. 300-295 Ma . Our results require rapid 
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Figure 1. Simplified structural map of Western Europe displaying the location of the 
French Massif central in the context of the European Yariscides , and distribution of 
Devonian-Carboniferous basins. Modified from Bruguier et al. (2003) and Matte 
(1986). Upper inset: Present-day relics of the Yariscan Belt in Western Europe 
including the northern Variscan foreland (pink) , intermediate blocks (Leon , N. 
Bohemia-BM , Ossa-Morena) (blue) , Northern Gondwana margin (orange) , and the 
Armorican terrane assemblage (Armorican Massif-AM , Central Iberia-IE , Central 
Bohemia-BM) (green). Modified from Raymond (unpublished). Lower inset: Schematic 
north-south cross section through the Variscan Belt (A-A' in inset) showing Late 
Proterozoic low-grade basement (gray) , Paleozoic sediments (white) , and ophiolites 
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Figure 2. Top: Structural map of the Massif Centra l showing locations of Permo-
Carboniferous basins (mod ified from Femenias et al., 2003) . Red box denotes the 
location of the Graissessac-Lodeve Basin. Bottom: Schematic north-south cross-section 
through the Lodeve Basin. The Aires Fault (Espinouse Detachment) controls the half 
graben geometry (beds dip 5°-20°S), and sediments onlap onto Cambrian marble-gneiss 
to the north. Modified from Pochat et al. (2005) . Black bar represents the present-day 
reconstructed thicknesses (maximum thickness of the entire Permo-Carboniferous 
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Figure 3. Paleogeographic reconstructions of Western Europe (low-latitude eastern 
Pangea) showing the evolution of the Variscan Foldbelt , with generalized areas of uplift 
(non-deposition) and basins (possible depo-centers) in the : (3A) Middle Carboniferous 
(320 Ma), (3B) Penna-Carboniferous (300 Ma) and (3C) Late Pem1ian (250 Ma). 
Constructed from multiple sources including Boulvain and Pingot (2013), Blakey 
(2007), Matte (2002), and Ziegler ( 1982, 1988, 1990, 2006). Gray out! ine represents 
countries of modern Europ e. Right column . Global paleogeography (modified from 
Domeier at al. , 2012) showing position of the Lodeve Bas in, France (red box) , which 
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Figure 4. See caption on following page . 
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Figure 4. (a) Geological profile of the southern French Massif Central, Montagne Noire 
Dome (after Van Den Driessche and Brun , 1992; Soula et al. , 200 I). Cross section 
locality B-B' in Fig. 16. ote locality of Espinose Detachment. Mont-de-Lacaune is the 
present-day type locality of Schistes X exposure. ins et: shows more detailed profile of 
the Montagne oire (Espinouse Dome) components. (b) P-T paths for the Montagne 
Noire Axial Zone micaschist and migmatitic gneiss (mod ified from Demange , 1985; 
Sou la et al., 200 1). (c) Representative lithologies of the Montagne Noire area (Lower 
Paleozoic and Upper Neoproterozoic) from Soula et al. (200 I). Note that diagram (c) is 
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Figure 5. Simplified stratigraphic column of Permian-Carboniferous fonnations in the 
Graissessac-Lodeve Basin , south central France (Adapted from Schneider et al. , 2006; 
Pochat and Yan Den Driessche , 2011) with sampled intervals . Right column: Rose 
diagrams represent paleocurrent data (based on cross-bedding and ripple measurements , 
lateral changes in formation thickness , and clast size reported in Pochat et al. , 2005). 




B. Houillere and Pabau Formations 
Figure 6. Representative photos of sampled and studied fo1111ations (Upper 
Carboniferous Croix de Mounis-Early Permian Usclas Formation). See text (Ch. 2) for 
detailed lithological descriptions. 
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Upper 
Figure 6. Representative photos of sampled and studied fom1ations. See text (Ch . 2) for 














Precambrian 3° 25' 
Figure 7. Simplified geologic map of the Lodeve and Bedarieux region s in southern 
France showing the location of the Grai ssessa c-Lode ve basin , the Montagne Noire 
gneissic dome , and the modern Lac du Salagou. All faults (black lines) are normal , and 
generally dip away from the Montagne Noire core complex. Sites of detrital zircon 
sample collection are shown with yellow circles and numbered # 1-8 ( corresponding to 
respective formations: 1. Croix de Mounis , 2. Houilliere , 3. Usclas, 4 . Loira s, 5. 
Rabejac , 6. Lower Salagou , 7. Middle Salagou , 8. Upper Salagou) . Drafted from 
geologic maps of southern France (BRGM , 1968) at a scale of 1: 1,000 ,000 km . 
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Figure 8. Backscattered electron (BSE) images of all detrital samples analyzed , 
showing representative zircon sizes , morphologies , and grain complexities . Zircons 
appear light gray-white, owing to their high atomic number (HREE). Note different 
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Figure 9. U/Th vs. Pb206/U238 ages from spot ana lyse of 760 total detrital zircon grains 
from eight samples (each shape represents gra ins from re pective sample: see lege nd). 
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Figure JO. Relative age probability plots (left) and concordia diagrams (right) for each 
detrital zircon sample (determined with lsoplot; Ludwig , 2003). U-Pb ages represent 
individual ana lyses from separate zircon s and are plotted as a normalized relative 
probability distribution. Heights of peaks correspond to statistical significance. 
Concordance based on 
206Pb/238U and 
206Pb/2°7Pb age (>20% discordance or >5% 
reverse discordance excluded). Individual data-point error ellipses represent the 
reported age and uncertainty , and are shown for the 68.3% confidence interval (1 a, 
measurement errors) (Gehre ls, 2011 ). Note that most grains in this study are 
concordant. 
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Figure 11. Repres entative light microscope image s of lithic fragments in thin section 
samples that were analyzed for framework mineralogy (from same unit s of detrital 
zircon analyses). Images are in XPL. See Table 1 for modal perce ntag es of framework 
grains (petrography results). 
67 
Figure 11. Representative light microscope images of polycrystalline quartz , and 
strained/undulose monocrystalline quartz in thin section samples that were analyzed for 
framework mineralogy (from same units of detrital zircon analyses). Images are in XPL. 
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Figure 12. Ternary plots of framework mineralogy composition for Carboniferous-
Permian sandstones in this study (21 thin sections total , 2-4 per unit ; each data point 
represents one sample). Data are cast based on percentages of Q (quartz) , F (feldspar; 
plagioclase and potassium), and L (metamorphic lithic fragments) on the top diagram , 
and based on percentages of Qm (monocrystalline quartz) , F (feldspar ; plagioclase and 
potassium), and Lt (tota l lithic s; metamorphic , volcanic , and metavolcanic lithic 
fragments and Qp , polycrystalline quartz) on the lower diagram . A total of 400 points 
were counted per thin section . See App. D for further divisions of framework grain 
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Figure 13. Graissessac- Lodeve Basin subsidence plot , showing tectonic subsidence 
through time , decompacted for sediment and water loading. 
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Figure 14. U-Pb nom1alized-probability distribution plots of all detrital zircon samples 
(N=8) showing statistical significance of age population peaks (reported with 1 cr 
unce1tainty). Colored bars denote significant zircon age populations (legend) that 
con-e pond to potential sources. Note temporal changes in dominant age populations 
through the Upper Carboniferous-Pem1ian section. Pie cha1ts (right) show variation by 
percentage of significant age populations in each sample. * Age range 445-378 Ma was 
not included in pie cha1ts, owing to an insignificant population (0-2 grains avg.) in all 
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Figure 15. QFL and QmFLt ternary plots of framework results for all samples (Fig. 12) 
with inferred tectoni c setting of pro venance terranes based on framework mod es 
(Dickin son et al., 1983) . A total of 400 points were counted per thin sect ion. Positions 
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EXPLANATION 
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Figure 16. Structural map of the Montagne Noire gneiss dome (southern Massif 
Central) , with the location and ages of possible source terranes proximal to the 
Graissessac-Lodeve Basin (yellow). Rose diagrams (inset) show generalized paleoflow 
through the Late Paleozoic (measured by Pochat et al. , 2005). Map modified from 
previous versions and/or age info1mation from Geze ( 1949), Arthaud ( 1970), Brun and 
Yan Den Driessche (1994), Pitra et al. (2012) , Roger et al. (2004) , Faure et al. (20 I 0), 





e 295-298 Ma ash int erbed in Permo-Carb basins 
- 330-300 migmatite domes 
300-325 granodiorite and leucogranite 
D 335-330 Ma volcanic units "Tufs ant hraciferes" 
D Brevenne ophiolit e (365 Ma) 
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Fig ure 17. Simplified map of the Massif Central with locations and ages of possible 
source terranes for zircon ages (including volcanic ash , granitoids, and orthogneiss 
protoliths) . Map is modified from Ledru et al. (l 989) Femenias et al. (2003) and 
Bruguier et al. (2003) , with ages are from Faure et al. (20 I 0) and Melleton et al. (20 I 0). 
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2sokm 
.......... Black Forest J?;J 
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(1 ~ Moravo -Silesia 
LJ Moldanubia 
Massif Central _______ ------------- --
--.. Lodeve ~i~:)~ Maures/Tanneron Massif 
............... 
= Uplifted areas ca. 300 Ma 
Precambrian peri-Gondwanan terranes 
=Ava Ionian affinity : 1 .3-1.0 Ga juvenile crust 
=Cadomian basement: 650-540 Ma 
=Cadomian basement with intercalated cratonic 
blocks (2-3 Ga) from West African craton 
Figure 18_ Latest Permian (ca. 250 Ma) reconstruction of the Variscan belt of Western 
Europe showing locations of Precambrian peri-Gondwanan and associated terranes 
(grey) (Modified from Murphy et al., 2004; Linnemann et al. , 2007; Fernandez-Suarez 
et al., 2000 ; Ballevre et al., 2012). Based on paleogeographic maps (Fig. 3), massifs in 
the un-shaded area were uplifted - 300-250 Ma . Other areas of southern Iberia , and 
north of the Bohemian Massif may have also been subaerially exposed, but not as 
elevated. Proximity of West African craton (southwest) is approximate. Amazonia-
Oaxaquia were proximal to the west margin of Iberia in the Neoproterozoic , but by ca . 
250 Ma are at significant distance (near western North America). Possible source 
terrane ages for detrital zircon populations are drawn from numerous sources (App . E-
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Figure 19. Provenance through major time slices in the southern Massif Central 
(Montage Noire) showing changes in paleogeography (progressive unroofing of the 
Montagne Noire Dome) and sediment dispersal patterns (purple arrows). l egend: 
below. Inset: zoomed in schematic of the Graissessac-Lodeve basin showing sediment 
accumulation (by formation) through time. Note that the scale on this diagram is 
approximate. See cross section (Fig. 4) for scale , and Fig . 16 for cross section location 
spatially on a map from B-B'. 
Exp lanation 
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Appendix B: Tables 
80 
00 
Table 1.- Detrital modes of Lodeve Basin sandstones: QFL totals and percentages by .formation. 
Q 
# % 
Upper Salagou (n=3) 650 55 
Lower Salagou (n=4) 608 39 
Rabejac (n=2) 434 57 
Usclas (n=4) 773 49 
Houilliere (n=2) 494 63 






























L error range 
% (2a) 
14 12- 16 
17 14-2 1 










278 25 2 1-30 1126 
Avg. Feldspar Type 







CroixdeMounis(n =3) 449 46 .//-5/ 24 2 / -3 5 17 52 47-5 7 990 19 81 
Notes: Modes based on point counts of 400 QFL framework grains per sample . Minerals are identified following the Gazzi-Dickinson 
method (Ingersoll et al. 1984) with a 63 µm cutoff. Counts were conducted by the same operator on thin sections stained for potassium 
feldspar. Q, F, L numbers are totaled from smaller clas sification groups (App. D). Q= monocrystalline quartz , polycrystalline quartz , 
and quartz in lithic fragments (Qm + Qp2-3 + Qp>3 + Qr). F= monocr ystalline pota ssium feldspar , monocr ystallin e plagioclase , and 
potassium feldspar and plagioclase in lithic fragments (Km + Pm + Kr + Pr). L= metamorphic lihic fragments (Lm). Columns on the 
right show the average ratios of potassium feldspar (K-spar ) to plagioc lase feldspar (Plag) in the formation (see App. D for results 
from discrete samples). Error ranges (italics) for modal anal yses are calculated based on the chart for judging the reliabilit y of point 
counting results (Van Der Plas and Tobi , 1965) . For 400 framework gra ins, the average 2a error is - 5%, but varies based on the 
estimated percent by volume of each mineral. 
~ 
Table 2.- Summary of detrital ages and p ercentages.fo r each Lodeve Basin sample, separa ted into groups by age. 
Period M. Carb- L. Dev- M. Silur- Cambro- Late E. -Mid Mesoprot Paleoprot Archean- E. Total E. Perm E. Carb M. Devon Ordovic Neoprot Neoprot Paleopro Zircon Age (Ma) 330-285 378-33 1 430-394 552-445 6 15-555 I 000-617 1300- 1000 2200- 1600 >2200 N Croix de Mounis Formation 
# grains 2 0 0 4 15 56 2 6 5 90 % 2% 4% 17% 62% 2% 7% 6% Houi/liere Formation 
# grains 7 39 I 19 7 13 I 5 2 94 % 7% 41% 1% 20% 7% 14% 1% 5% 2% Use/as Formation 
# grains I 7 5 53 8 12 0 2 2 90 % 1% 8% 6% 59% 9% 13% 0% 2% 2% Loiras Formation 
# grains 14 9 2 16 8 30 ., 9 2 93 .) 00 % 15% 10% 2% 17% 9% 32% 3% 10% 2% N Rabajec Formation 
# grains 38 2 0 I I 4 20 7 9 6 97 % 39% 2% 0% 11% 4% 21% 7% 9% 6% Lower Salagou Formation 
# grains 14 0 I 32 10 12 5 II 7 92 % 15% 1% 35% 11% 13% 5% 12% 8% Middle Salagou Formation 
# grains 18 2 I 23 II 29 9 7 2 102 % 18% 2% 1% 23% 11% 28% 9% 7% 2% Upp er Salagou Formation 
# grains 11 0 4 17 9 39 6 10 4 100 % 11% 0% 4% 17% 9% 39% 6% 10% 4% 
Summary of detrital ages from the lod eve Basin (N=B) 
# grains 105 59 14 175 72 2 11 33 59 30 758 % 14% 8% 2% 23% 9% 28% 4% 8% 4% Notes: N = number of zircons analyzed per sample. See Fig. 14 (pie charts) for vert ical variation in populat ions. 
Table 3.- Summa,y of results.from K-S, Overlap/Similarity , and Likeness statistical tests by sample pair comparisons. 
TEST XDM- XDM- XDM- XDM- XDM- XDM- XDM- HOU- HOU- HOU-
HOU USCL RAB L SAL M SAL U SAL LRS RAB L SAL M SAL 
K-S Test P 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Overlap P 0.600 0.379 0.740 0.637 0.696 0.661 0.708 0.738 0.672 0.803 
Similarity P 0.427 0.369 0.555 0.535 0.596 0.690 0.655 0.581 0.531 0.637 
Likeness % 27.9% 27.1% 34.0% 33.3% 43.8% 53.1% 46.5% 36.2% 35.7% 41.8% 
TEST HOU- HOU- HOU- USCL- USCL- USCL- USCL- USCL- LRS- LRS-
U SAL USCL LRS RAB L SAL M SAL U SAL LRS RAB L SAL 
K-S Test P 0.000 0.000 0.001 0.000 0.014 0.000 0.000 0.000 0.005 0.499 
Overlap P 0.698 0.513 0.739 0.464 0.481 0.499 0.605 0.474 0.773 0.768 
Similarity P 0.623 0.620 0.718 0.484 0.672 0.622 0.638 0.628 0.718 0.732 
Likeness % 43.2% 36.4% 49 .6% 26.9% 50.1% 42.6% 43.4% 41.7% 50.2% 52.8% 
00 
w TEST LRS- LRS- RAB- RAB- LRS- L SAL RAB- L SAL M SAL 
U SAL M SAL L SAL M SAL U SAL M SAL USCL U SAL U SAL 
K-S Test P 0.265 0.817 0.007 0.016 0.265 0.552 0.000 0.005 0.255 
Overlap P 0.721 0.770 0.741 0.782 0.721 0.758 0.728 0.710 0.734 
Similarity P 0.817 0.779 0.725 0.776 0.817 0.793 0.722 0.747 0.812 
Likeness % 65.1% 61.4% 49.3% 55.7% 65.1% 61.6% 51.1% 52.7% 65.6% 
Notes: The K-S test compares detrital zircon age distributions between two or more samples (Press et al. , 1986 ). If P < .05 , zircon from 
the two samples are likely derived from different populations. If P > .05 (gray), it is unlikely that two samples are derived from 
different populations. P-values are based on a 95% confidence level and are calcu lated using error in the CDF (A pp. E-4). The 
Overlap-Similarity test measures the degrees of age overlap and proportional simi larity between age probabilit y curves (w ith I 0 
uncertainty). If ages perfectly overlap (P = I) , all grains could have been derived from same source . If overlap P = 0, there are no age 
matches. P = I for similarity indicates similar proportions of perfectly overlapping ages , and P = 0 reflects different proportions of 
ages that may not overlap (Gehrels , 2000). The " likeness ' · metric examines degrees of sameness an10ng detrital zircon age population s 
(Satkoski et al. , 2014). Values approaching 100% con-espond to a higher degree of likeness . See Appendix E-6 for additional Likeness 
test output plots (likeness % vs. K-S P-values , and lik eness as a function of age) . 
Appendix C: Detrital Zircon Ages (Raw Data) 
Notes: Analytical age data for all detrital zircon samples. Best age is detennined from 206Pb i238U age for analyses with ages 206Pbi238U ages < I 000 Ma , and from 206Pb!2°7Pb 
age for ana lyses with 206Pbi238U age > I 000 Ma. All uncertainties are reported at the l 0 
level , exclusively due to measurement errors (Gehre ls, 2008 ). Bold lines indicate 
boundaries between main age populations , divided by natural age breaks in the best age . 
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Croix de Mounis (XDM) detrital zircon raw data. . 
Apparent ages (Ma) 
206Pb * ± 207Pb * ± 206Pb * ± Best age ± Cone 
238U * (Ma) 235U (Ma) 207Pb * (Ma) (Ma) (Ma) (%) 
306.4 7.1 305 .8 22.2 301 .6 184.2 306.4 7.1 NA 
309.1 4.4 302 .0 30 .1 247 .0 264.0 309.1 4.4 NA 
540 .0 9.8 551 .0 31.9 596 .5 157.4 540 .0 9.8 90 .5 
543.9 4.0 536 .7 9.5 506 .1 47.0 543 .9 4 .0 107.5 
551 .8 6.4 541 .2 11.3 496 .7 52.9 551 .8 6.4 111.1 
552 .5 9.4 563 .7 8.4 609 .2 17.2 552.5 9.4 90 .7 
558 .5 5.7 558 .2 22 .8 556 .8 113.5 558 .5 5.7 100.3 
559 .1 15.1 542.4 24 .8 472 .9 115 .0 559 .1 15.1 118.2 
560 .7 10.6 558 .1 24.3 547 .7 115 .8 560 .7 10.6 102.4 
567 .9 5.8 563 .3 18.3 544 .9 89 .3 567 .9 5.8 104.2 
572 .0 15.3 560 .6 22.4 514 .5 96 .3 572 .0 15.3 111.2 
589.4 5.9 583.7 7.4 561 .7 28.2 589.4 5.9 104.9 
591.4 5.9 593 .7 6.8 602 .8 23 .9 591.4 5.9 98.1 
595 .8 8.9 592.4 42 .5 579 .5 203 .0 595 .8 8.9 102 .8 
596.4 15.8 594 .7 26 .5 588 .3 112.8 596.4 15.8 101.4 
600 .3 5.8 601 .8 12.2 607.6 53 .6 600 .3 5.8 98 .8 
601 .9 16.4 606.5 13.4 624 .1 14.0 601 .9 16.4 96.4 
602.3 5.3 600 .6 10.4 594 .1 45 .5 602.3 5.3 101.4 
603 .6 4.7 605 .1 4.3 610.7 10.8 603 .6 4 .7 98 .8 
604 .5 8.1 609.6 7.0 628 .2 12.4 604.5 8.1 96 .2 
610.4 5.5 608 .5 10.6 601.3 45 .7 610.4 5.5 101.5 
620 .3 5.0 619 .9 5.4 618 .6 17.3 620 .3 5.0 100 .3 
622 .1 4.3 622 .5 4 .1 624 .2 10.9 622 .1 4 .3 99.7 
629.4 11.3 631 .9 14.6 641 .1 52 .8 629.4 11.3 98.2 
630 .5 8.9 642 .2 20.6 683.4 87 .0 630 .5 8.9 92.3 
631.0 2.3 631 .9 3.6 634 .9 14.3 631.0 2.3 99.4 
639 .5 24.0 640 .1 21 .9 642 .5 52 .0 639.5 24 .0 99.5 
639 .5 6.8 633 .8 13.6 613.4 57 .6 639 .5 6.8 104 .3 
640 .5 5.3 636 .5 17.3 622 .3 76 .8 640.5 5.3 102.9 
641.8 19.1 656 .8 18.9 708 .9 49 .7 641 .8 19.1 90 .5 
643.5 5.3 649 .8 7.2 671 .7 26 .5 643.5 5.3 95 .8 
643 .9 6.4 643 .1 6 .5 640.4 19.0 643.9 6.4 100 .5 
645.4 5.4 640 .9 9.8 624.9 40 .3 645.4 5.4 103.3 
650 .7 15.8 669 .6 15.0 733 .5 35.4 650 .7 15.8 88 .7 
661.3 4.2 662 .5 5.2 666.4 17.9 661.3 4 .2 99.2 
662 .5 16.1 659 .1 35.9 647 .8 149 .2 662 .5 16.1 102.3 
669.0 4.3 671 .3 5.6 679 .1 19.7 669 .0 4.3 98.5 
670.3 2.2 674.1 6.7 686 .9 27 .9 670 .3 2.2 97.6 
679.4 11.7 685 .7 18.4 706 .7 68.3 679.4 11.7 96 .1 
683 .8 16.1 678 .3 13.1 659 .9 20.0 683.8 16.1 103.6 
684 .9 6.8 682.3 5.9 673 .9 12.0 684.9 6.8 101.6 
688.3 8.1 693 .8 11.5 711 .7 40 .7 688 .3 8.1 96.7 
85 
691.4 4.6 694.4 10.8 704.2 43 .3 691.4 4.6 98 .2 
693.4 14.0 696.6 10.9 706.8 7.3 693.4 14.0 98 .1 
700.7 24.2 703.3 19.8 711.6 29 .7 700.7 24 .2 98 .5 
703.4 16.0 704.1 15.6 706 .2 40.3 703.4 16.0 99.6 
705 .6 13.7 710.5 13.3 726 .0 33.8 705.6 13.7 97.2 
705.7 20.1 746.2 41 .5 869 .7 150.2 705 .7 20.1 81.1 
714.4 3.3 715 .6 4.6 719 .3 16.0 714.4 3.3 99.3 
715.3 4.8 715.0 9.8 713 .8 37.5 715 .3 4.8 100.2 
718.2 8.9 714 .9 12.4 704 .5 43.4 718 .2 8.9 101.9 
721.7 10.9 734 .3 10.4 773 .1 24.9 721 .7 10.9 93.4 
730.2 3.5 738 .6 5.0 764 .0 17.0 730 .2 3.5 95 .6 
730.4 5.1 733.7 16.0 743 .6 63.1 730.4 5.1 98.2 
736.8 8.2 740 .0 6 .8 749.7 10.6 736.8 8.2 98.3 
759.4 15.7 769 .6 12.3 799.4 13.3 759.4 15.7 95 .0 
770 .9 7.7 773 .8 14.4 782 .0 51.3 770 .9 7.7 98 .6 
771 .6 4.2 773.1 8.7 777 .7 31.7 771 .6 4.2 99 .2 
777.0 13.3 777.4 13.6 778 .5 36.3 777 .0 13.3 99 .8 
777.7 6.1 775.2 9.5 768 .0 32.6 777.7 6.1 101.3 
779 .2 14.6 780 .9 35.2 785.8 129.1 779 .2 14.6 99 .2 
781 .9 10.3 779 .8 7.9 773.8 8.3 781.9 10.3 101.0 
784 .6 13.2 783 .2 13.1 779.4 33.8 784 .6 13.2 100.7 
789.4 14.4 788.4 13.3 785.4 30.8 789.4 14.4 100.5 
811.7 9.3 819 .2 11.6 839 .7 34 .8 811.7 9.3 96 .7 
829.7 8.6 826 .2 16.0 816 .8 54 .5 829 .7 8.6 101.6 
841 .6 5.5 847 .9 7.5 864 .5 22 .6 841 .6 5.5 97.4 
848.3 9.6 843.9 16.3 832 .3 53 .8 848 .3 9.6 101.9 
852 .3 15.4 853 .9 37 .3 857 .9 127.9 852.3 15.4 99.4 
865 .9 5.4 868.1 10.5 873.8 34 .6 865 .9 5.4 99.1 
866 .1 23.5 885 .3 44 .9 933.4 144.0 866.1 23.5 92 .8 
867.4 7.5 882.1 5.6 919 .2 5.1 867.4 7.5 94.4 
873 .9 11.4 883 .1 8.8 906 .2 11.2 873.9 11.4 96.4 
913 .6 6.7 915.1 7.1 918 .6 18.2 918.6 18.2 99.5 
983.4 9.7 980.4 19.2 973.6 58.4 973 .6 58.4 101.0 
949.4 16.5 957 .6 13.4 976 .5 21 .8 976.5 21 .8 97.2 
979 .9 8.1 982.9 7.3 989 .3 15.3 989.3 15.3 99.0 
1019.7 9.8 1018.4 31.4 1015.5 96.8 1015.5 96.8 100.4 
1256.7 12.6 1253.1 11.0 1246.9 20 .7 1246 .9 20 .7 100.8 
1607 .1 12.0 1603.4 21 .5 1598.5 47.3 1598.5 47 .3 100.5 
1668.6 31.5 1748.9 26 .7 1846 .3 42 .9 1846.3 42 .9 90.4 
1954.7 26.6 1933.8 13.7 1911.4 3.8 1911.4 3.8 102.3 
1916.1 26.8 1996.0 22 .6 2079 .7 35.5 2079.7 35.5 92.1 
2124.9 13.7 2119.4 10.6 2114.1 16.1 2114 .1 16.1 100.5 
2184.4 20.5 2200 .1 10.4 2214.8 5.5 2214.8 5.5 98.6 
2219.6 99.8 2267 .7 48 .3 2311.4 6.2 2311.4 6.2 96.0 
2390 .1 51.4 2410.9 25 .7 2428 .6 18.2 2428.6 18.2 98.4 
2396 .3 14.4 2420.4 6.9 2440.7 3.5 2440.7 3.5 98 .2 
2467.0 14.3 2539.4 7.1 2597 .8 4.9 2597.8 4.9 95.0 
2671 .2 21.0 2682 .8 9.6 2691 .6 5.4 2691 .6 5.4 99.2 
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Houilliere (HOU) detrital zircon raw data. 
Apparent af es (Ma) 
206Pb* + 207Pb* ± 206Pb* ± Best age ± Cone 
238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
306.8 4.7 307.2 8.0 309.5 58.6 306.8 4.7 NA 
308 .1 5.5 308 .3 11.2 309.6 85 .9 308.1 5.5 NA 
312.8 4 .5 316.4 7.2 343.4 49 .8 312.8 4.5 NA 
313.3 22.6 315.3 21.6 330 .7 67 .5 313 .3 22.6 NA 
316.1 4.7 318.2 17.7 333.6 143.1 316.1 4.7 NA 
322.8 5.0 330 .9 8.3 388.0 55.4 322.8 5.0 NA 
330 .8 3.0 329.5 5.6 320 .6 39 .9 330 .8 3.0 NA 
332 .6 5.4 328.6 21.7 300 .3 172 .3 332.6 5.4 NA 
336.5 9.9 345.8 20.4 408.7 140 .6 336 .5 9.9 NA 
336.5 2.1 337.2 12.6 341.7 98.2 336.5 2.1 NA 337.2 4.1 339.5 18.8 355 .5 144.7 337.2 4 .1 NA 338 .2 10.2 331.1 25 .6 281 .7 195.4 338.2 10.2 NA 
339 .0 4.7 345 .0 7.8 385 .9 50.5 339 .0 4 .7 NA 340.4 2.7 344 .9 5.1 375.3 35.0 340.4 2.7 NA 340 .5 7.6 341.4 12.1 347 .6 79 .5 340.5 7.6 NA 341.5 3.7 340 .6 5.3 334.1 33 .0 341 .5 3.7 NA 341.9 3.5 339.3 4 .9 321 .8 30.4 341.9 3.5 NA 342 .6 2.0 341 .7 6.9 335 .8 52 .5 342 .6 2.0 NA 342.6 2.8 344 .8 4.4 359.3 28.3 342.6 2.8 NA 344.7 7.4 348 .9 15.0 376.9 103.4 344 .7 7.4 NA 344.7 3.2 345.3 10.4 349.5 77.5 344.7 3.2 NA 345.8 7.6 348.5 7.5 366 .2 26 .6 345 .8 7.6 NA 346.0 5.5 349.1 10.8 369.4 73 .8 346.0 5.5 NA 346.4 4 .8 348 .8 12.4 364.6 89 .5 346.4 4.8 NA 347.6 3.0 347.3 7.8 345 .8 56.5 347 .6 3.0 NA 349 .0 4 .2 348.6 8.0 346 .1 54 .6 349 .0 4.2 NA 349.3 31.5 377.8 40 .9 556.4 197 .5 349.3 31.5 NA 349 .6 3.7 351 .1 5.6 360.6 34.9 349.6 3.7 NA 352.7 8.5 356.7 34.4 382.6 251 .6 352.7 8.5 NA 354.0 4.5 331 .7 19.4 177.8 157 .3 354 .0 4 .5 NA 354.2 16.2 350.3 18.5 324 .6 93.3 354 .2 16.2 NA 356.4 4.3 353 .0 15.0 330.8 110.8 356.4 4.3 NA 356.5 4.5 363 .3 7.4 406 .5 46.1 356.5 4 .5 NA 357.0 3.8 357.9 11.2 363.6 80.4 357.0 3.8 NA 359 .2 3.4 355.5 14.6 331.7 107.9 359 .2 3.4 NA 360.3 3.8 354 .1 10.4 313 .9 75 .2 360 .3 3.8 NA 361.4 4.6 352.8 10.3 296.6 73 .0 361.4 4.6 NA 362 .2 5.3 336.6 35.2 163.9 286.0 362.2 5.3 NA 363.8 7.2 381.0 24.2 487.1 162.3 363.8 7.2 NA 364 .7 8.4 370.4 12.9 406 .3 76.6 364.7 8.4 NA 365.9 10.3 380.4 16.9 469.7 98.8 365.9 10.3 NA 368.6 9.3 411.4 28.2 659.4 170.2 368.6 9.3 NA 369.1 4.1 363.7 12.2 329.3 86.9 369.1 4.1 NA 
87 
-
369.7 5.8 356.5 40 .8 271 .7 310.1 369 .7 5.8 NA 
374.0 20.5 374.6 24.5 378.4 121.1 374 .0 20.5 NA 
378.6 6.5 371.8 27.2 329.7 194.4 378 .6 6.5 NA 
427.1 21.4 436 .7 24 .8 487.8 103.6 427.1 21.4 87.6 
461 .7 5.3 469.4 9.3 507.4 47.8 461 .7 5.3 91.0 
463.7 4.7 468.4 9.6 491 .3 51.3 463 .7 4.7 94.4 
466.0 5.2 454.5 14.4 397 .0 84.1 466 .0 5.2 117.4 
478 .0 14.6 488 .9 20 .5 540 .2 92.3 478 .0 14.6 88.5 
481 .1 3.8 484 .5 11.6 500 .6 63.6 481.1 3.8 96.1 
485.5 3.3 482 .6 8.8 468 .8 48.0 485.5 3.3 103.6 
487 .1 5.6 486 .6 8.5 484 .5 40 .6 487.1 5.6 100.5 
487 .3 5.2 473 .7 14.2 408 .7 80.0 487.3 5.2 119.2 
490 .0 3.6 487 .0 5.8 472 .8 28.6 490 .0 3.6 103.6 
490 .2 20.8 478 .2 19.9 420 .9 62.2 490 .2 20 .8 116.5 
491 .2 11.0 481 .2 17.6 433 .9 88.5 491.2 11.0 113.2 
498 .1 3.6 500 .0 7.2 508 .6 36.6 498.1 3.6 97.9 
500.2 5.8 502 .2 12.6 511.0 64.8 500.2 5.8 97.9 
506 .0 12.4 507.3 13.3 512 .8 47 .3 506.0 12.4 98 .7 
510 .2 12.7 517 .9 23.4 552 .0 112.4 510 .2 12.7 92.4 
510.6 7.1 509.3 19.9 503.6 104.8 510 .6 7.1 101.4 
535.2 9.3 526 .9 34.6 491 .0 181.8 535.2 9.3 109.0 
539.7 6.6 536.8 13.2 524 .6 63.7 539 .7 6.6 102.9 
549.1 21.8 522 .0 64.9 404 .9 344.9 549 .1 21 .8 135.6 
576.1 5.7 562 .7 16.7 508 .5 81 .9 576 .1 5.7 113.3 
585.7 8.5 586.4 16.2 589 .1 71.8 585.7 8.5 99.4 
588.8 40 .9 591 .5 34.4 602 .2 53.4 588 .8 40.9 97.8 
595.3 10.6 585.3 15.0 546 .7 61.4 595 .3 10.6 108.9 
595 .3 16.2 597.4 20.3 605 .5 74.8 595 .3 16.2 98.3 
600.6 6.7 610.4 8.4 647 .1 30.2 600.6 6.7 92.8 
608 .3 5.4 619 .0 11.9 658.4 51.3 608 .3 5.4 92.4 
619 .9 12.4 623 .3 19.7 635.7 78 .9 619.9 12.4 97.5 
626 .3 37.6 645.5 43.5 713.1 139.3 626 .3 37.6 87.8 
630.4 6.9 626 .2 16.2 610.8 70 .8 630.4 6.9 103.2 
631 .7 12.6 618.3 17.3 569 .6 67 .2 631.7 12.6 110.9 
636.2 9.0 635.4 8.2 632 .5 18.7 636 .2 9.0 100.6 
641 .2 20.2 645.5 49 .2 660.6 209 .2 641 .2 20.2 97.1 
642.4 6.4 632.2 9.6 596 .0 38.0 642.4 6.4 107.8 
649 .2 6.0 643 .3 12.3 622 .5 51.6 649 .2 6.0 104.3 
663.9 12.8 662.9 11.9 659 .5 28 .9 663 .9 12.8 100.7 
700 .7 14.7 707 .7 16.6 729 .7 50.7 700.7 14.7 96.0 
739 .6 5.3 741.7 13.3 748 .0 51.1 739 .6 5.3 98 .9 
848 .2 10.1 862.6 9.5 899 .9 21.5 848.2 10.1 94.3 
981.1 13.3 970 .2 16.3 945 .5 44 .5 945.5 44.5 103.8 
860 .7 28.1 970 .0 27.7 1226.4 53.4 1226.4 53.4 70.2 
1760.3 20.5 1759.1 15.1 1757 .6 22.4 1757.6 22.4 100.2 
1815.8 17.5 1849.9 15.6 1888 .5 26 .3 1888.5 26.3 96 .2 
847.6 42 .9 1232.8 40.0 1988 .3 26 .2 1988.3 26.2 42 .6 
1635.3 66.7 1801.3 39.3 1999 .2 10.8 1999.2 10.8 81.8 
2004.2 90.4 2013.4 47.8 2022 .9 26.0 2022.9 26 .0 99.1 
2476 .6 23.9 2481.9 11.9 2486 .1 9.2 2486.1 9.2 99.6 
2628.2 37.3 2575 .3 22.4 2533 .8 27 .8 2533 .8 27.8 103.7 
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Usclas (USCL) detrital zircon raw data. 
Apparent a~ es (Ma) 
206Pb* + 207Pb* ± 206Pb* ± Best aQe ± Cone 
238U * (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
281 .3 9.2 298 .6 15.8 435.9 113.6 281.3 9.2 NA 
336.6 4.5 337 .2 8.3 341 .5 58 .1 336 .6 4 .5 NA 
343.4 2.1 341 .3 6.2 326.9 46 .1 343.4 2.1 NA 
348.8 4.4 349 .9 9.9 356.8 69 .5 348 .8 4.4 NA 
368 .3 31.1 368 .2 28.4 367.6 67 .8 368 .3 31 .1 NA 
369.6 4.4 379.3 18.7 439 .2 129 .0 369.6 4.4 NA 
372 .7 2.6 373 .8 13.9 380.3 98.8 372 .7 2.6 NA 
377 .2 3.6 378 .0 7.7 383 .2 50.1 377.2 3.6 NA 
394.1 9.1 413.0 13.3 520 .2 68.4 394 .1 9.1 NA 
414.5 10.2 431 .9 11.0 525.9 39 .9 414 .5 10.2 78.8 
419.4 14.4 411.6 27 .7 367 .9 166.3 419.4 14.4 114.0 
421.7 4.8 419.4 13.6 406 .9 84.7 421.7 4.8 103.7 
424 .8 10.7 430.2 12.9 459 .5 57.0 424.8 10.7 92.4 
444 .2 20 .5 446 .8 21.4 460 .3 77.6 444 .2 20.5 96.5 
448.5 6.4 457.7 7.3 504.1 28.9 448.5 6.4 89 .0 
448.8 8.2 453 .1 8.9 475 .0 34.1 448.8 8.2 94.5 
450.4 22 .5 459 .8 20 .1 506 .9 36.4 450.4 22 .5 88.9 
451 .9 6.8 453 .3 12.1 460 .6 64 .6 451 .9 6.8 98.1 
455 .3 5.2 455.4 7.4 456 .1 35 .9 455.3 5.2 99.8 
455.8 4.9 454 .5 9.4 447.9 51.5 455 .8 4.9 101 .8 
455 .8 4.1 456 .1 7.6 457.6 40.7 455.8 4.1 99.6 
455 .9 6.1 455 .6 8.6 454 .3 42 .2 455 .9 6.1 100 .3 
456.3 9.3 457 .6 13.7 463 .8 67 .9 456.3 9.3 98.4 
456.8 4.4 460.9 9.0 481.6 49 .3 456.8 4.4 94 .8 
457.1 3.2 458 .7 7.0 466.8 39.0 457.1 3.2 97 .9 
458.5 7.0 460 .8 7.2 471 .9 24 .5 458 .5 7.0 97.2 
458.6 3.6 460 .3 12.6 468 .3 73 .1 458 .6 3.6 97 .9 
458.7 2.0 464.4 8.1 492 .6 46 .8 458 .7 2.0 93.1 
459.2 9.2 469.1 16.4 517 .8 84 .1 459.2 9.2 88 .7 
460.8 6.7 459 .1 19.2 450.2 110 .6 460.8 6.7 102.4 
461 .2 8.6 456.9 36 .6 435 .5 217.4 461.2 8.6 105 .9 
461.3 5.8 460.8 22 .8 458 .6 133.6 461 .3 5.8 100.6 
461.5 7.2 459 .9 9.3 451.9 42.7 461.5 7.2 102.1 
462 .0 5.0 455.5 6.7 422 .5 32 .5 462 .0 5.0 109.4 
462.7 4.7 462 .7 6.5 462.3 30.8 462.7 4.7 100.1 
462 .8 4.4 463.6 7.7 467.5 40.4 462.8 4.4 99 .0 
462 .9 4.6 462.1 8.7 458.0 46 .8 462.9 4 .6 101.1 
464.6 14.4 471 .0 15.6 502.4 57.6 464 .6 14.4 92.5 
464.9 3.3 461.4 4 .8 444.1 23 .5 464.9 3.3 104.7 
465 .0 3.4 464.3 11.5 461.2 66 .1 465 .0 3.4 100.8 
465.0 4.5 465.0 9.8 465.1 53.7 465 .0 4.5 100.0 
465 .1 3.8 462 .0 10.3 447.0 58 .6 465.1 3.8 104.0 
465.4 3.9 464.6 6.5 460.5 33.8 465.4 3.9 101.1 
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465.4 11.8 460 .6 11.8 436 .8 40.4 465.4 11.8 106.6 
466 .0 8.1 462 .2 8.7 443 .7 33.2 466 .0 8.1 105.0 
467 .1 5.2 468 .3 14.4 474 .3 80.9 467 .1 5.2 98.5 
467 .1 7.8 475.0 13.9 513 .1 71.1 467 .1 7.8 91.0 
467 .6 4.2 466 .5 6.4 460 .6 31.4 467 .6 4.2 101.5 
468.6 6.1 468 .2 12.9 466.4 69 .9 468 .6 6.1 100.5 
469 .6 7.8 467.8 11.9 458 .9 59.1 469 .6 7.8 102.3 
470 .3 5.2 476 .1 6.8 504 .2 30.2 470.3 5.2 93.3 
471 .1 2.3 471 .5 10.1 473.2 58.1 471.1 2.3 99.5 
471 .1 29.7 476.4 28.0 502 .2 75.2 471 .1 29.7 93.8 
471 .1 4.4 463 .0 10.8 422 .9 60 .9 471 .1 4.4 111.4 
471 .6 5.1 463 .8 9.0 425.4 48 .1 471.6 5.1 110.9 
473 .8 6.2 481.4 11.3 517 .5 57.2 473 .8 6.2 91.6 
479 .8 11.8 482 .3 14.3 494.4 59.3 479 .8 11.8 97.0 
480 .7 4.8 465 .2 10.7 389.6 59.7 480 .7 4.8 123.4 
482 .1 28.4 483.4 25 .7 489.6 58.7 482 .1 28.4 98 .5 
491 .7 8.8 495 .0 11.3 510 .1 48 .8 491 .7 8.8 96.4 
496.4 9.3 496 .2 15.4 495.4 74.9 496.4 9.3 100.2 
504 .3 29.1 499 .9 24.9 479 .8 42.4 504 .3 29.1 105.1 
525.0 40 .0 545 .1 36.0 629 .9 67 .7 525 .0 40 .0 83.3 
547.8 10.5 534 .2 19.6 476 .9 94 .2 547 .8 10.5 114.9 
550 .6 14.4 553 .3 14.3 564 .2 42 .2 550 .6 14.4 97.6 
551.3 16.4 560 .2 14.7 596 .2 31.4 551 .3 16.4 92.5 
558 .3 10.3 549 .6 15.4 513 .6 67.6 558 .3 10.3 108.7 
585.4 5.8 591 .2 7.1 613 .3 25 .8 585.4 5.8 95.4 
596 .6 4 .8 601.9 5.7 622 .1 20 .2 596 .6 4.8 95.9 
601 .6 11.2 596.4 10.7 576.3 29 .7 601.6 11.2 104.4 
603 .3 8.8 607.4 14.7 622 .9 60 .9 603 .3 8.8 96.8 
608.7 15.0 603 .6 13.5 584 .5 31.7 608.7 15.0 104.1 
611 .8 4.9 612.3 10.4 614 .0 45 .5 611 .8 4.9 99.6 
612 .0 9.9 623 .6 29 .2 666 .0 129.2 612.0 9.9 91.9 
617 .2 13.2 619.7 36.6 628.6 162.9 617 .2 13.2 98.2 
617 .5 8.3 619 .7 8.5 627 .6 25 .5 617 .5 8.3 98.4 
620 .0 10.3 632.2 9.8 676 .2 24.4 620 .0 10.3 91.7 
621 .0 9.8 641 .9 25.5 716.4 108 .2 621 .0 9.8 86.7 
622 .1 9.6 650.5 9.4 750 .3 22 .8 622.1 9.6 82.9 
642 .2 21.2 640.0 44.1 632 .2 185.9 642.2 21.2 101.6 
739 .0 8.1 756.4 22 .8 807 .9 86 .2 739 .0 8.1 91.5 
761.5 6.6 752 .6 16.8 726.3 64 .1 761 .5 6.6 104.8 
761 .6 9.2 762 .3 8.9 764 .5 22 .3 761 .6 9.2 99.6 
812.1 8.3 807 .2 13.3 793.5 44 .4 812 .1 8.3 102.4 
832 .6 6.7 830.0 6.0 823 .0 13.2 832 .6 6.7 101.2 
833 .8 16.7 826 .6 19.0 807 .2 54.1 833 .8 16.7 103.3 
1554.1 56.4 1698.2 33.7 1880.9 3.2 1880.9 3.2 82.6 
2123 .2 89.0 2099 .2 44 .2 2075 .8 13.3 2075.8 13.3 102.3 
2706.4 23.0 2698 .0 10.2 2691 .6 4 .6 2691.6 4.6 100.5 




Loiras (LRS) detrital zircon raw data. 
Apparent ages (Ma) 
206Pb * ± 207Pb* ± 206Pb * ± Best age ± Cone 
238U * (Ma) 235U (Ma) 207Pb * (Ma) (Ma) (Ma ) (%) 
297 .5 7.7 321.4 32.0 499 .0 249.4 297 .5 7.7 NA 
299.1 12.4 296 .9 21 .7 280 .3 166.9 299 .1 12.4 NA 
300.9 4.3 285 .7 21.1 163.1 195.1 300.9 4.3 NA 
301 .5 2.6 304.4 7.2 326.4 58 .5 301.5 2.6 NA 
302.0 5.2 308.3 12.2 356.2 95 .5 302.0 5.2 NA 
302 .1 2.5 303 .1 7.4 310 .8 61.4 302 .1 2.5 NA 
303 .2 4 .8 302 .0 23 .8 292 .5 205.0 303 .2 4 .8 NA 
304 .8 7.4 305 .5 12.0 311.4 86 .2 304 .8 7.4 NA 
306.4 4 .9 316 .0 14.2 387 .0 111. 7 306.4 4 .9 NA 
307.1 4.1 308.4 10.4 318 .5 83 .2 307 .1 4 .1 NA 
313.4 6.2 320 .0 26 .7 368 .2 215 .0 313.4 6.2 NA 
319.8 7.2 336 .7 18.5 455.3 134.2 319 .8 7.2 NA 
324 .5 5.8 316 .6 11.2 259 .0 84 .7 324 .5 5.8 NA 
325 .0 7.3 315 .2 10.8 243 .5 75 .3 325 .0 7.3 NA 
334 .2 8.1 341 .1 11.1 388.4 65 .7 334 .2 8.1 NA 
334.4 2.9 334 .3 12.4 333 .6 96.9 334.4 2.9 NA 
339 .0 5.1 337 .9 14.1 331 .0 105.7 339 .0 5.1 NA 
339.1 5.4 338 .5 8.1 334 .8 51 .5 339 .1 5.4 NA 
356.1 7.6 388.0 28.6 582.4 186.9 356 .1 7.6 NA 
360.6 5.8 371 .2 25 .9 437 .9 182.0 360 .6 5.8 NA 
360.7 7.6 365 .3 17.8 394.4 120.7 360.7 7.6 NA 
365 .8 2.4 368 .3 11 .1 383 .8 79.5 365 .8 2.4 NA 
375.7 10.9 380.1 20 .8 407 .3 130.5 375 .7 10.9 NA 
405 .2 11.4 407 .7 10.7 422 .2 28 .9 405 .2 11.4 96.0 
416.4 5.7 423 .7 8.1 463 .8 41 .3 416.4 5.7 89 .8 
450 .7 5.9 451.5 9.4 455 .6 48 .9 450.7 5.9 98.9 
456 .8 10.5 455 .7 13.8 450.2 64 .3 456 .8 10.5 101.5 
459 .9 15.4 453 .0 20 .7 417 .7 100.2 459.9 15.4 110.1 
462 .0 6.4 465 .0 7.2 479.4 28 .7 462 .0 6.4 96.4 
463 .5 10.0 463 .2 10.7 462 .0 40 .5 463 .5 10.0 100.3 
463 .9 10.5 465 .8 14.6 475 .3 69 .5 463 .9 10.5 97 .6 
464 .6 3.7 464 .1 9.1 461 .6 51.1 464.6 3.7 100.7 
465 .2 7.8 456 .8 13.7 414 .6 73 .3 465 .2 7.8 112.2 
465 .8 15.6 465 .7 18.1 465.4 75 .1 465 .8 15.6 100.1 
473.0 11.0 482 .6 16.5 528 .3 77 .8 473.0 11.0 89 .5 
478.4 5.2 472 .5 10.0 443 .7 53.1 478.4 5.2 107.8 
479.4 9.1 486 .8 12.2 522 .0 54.0 479.4 9.1 91.8 
482 .8 7.4 471 .1 21.8 414 .6 124.1 482 .8 7.4 116.4 
493 .1 36.4 549.6 64 .7 791 .1 277 .3 493 .1 36.4 62.3 
513.1 8.9 515 .8 27.0 527 .6 140.8 513.1 8.9 97.3 




568 .3 47 .8 582.3 47.2 637.4 129.0 568.3 47 .8 89.2 
571.8 11.8 573.4 12.7 579 .6 42.1 571.8 11.8 98 .7 
574.7 6.5 580.8 7.2 604 .6 24.4 574.7 6.5 95.1 
593 .3 14.6 605 .8 28 .9 653.1 124.4 593 .3 14.6 90.8 
596 .3 8.6 601 .6 21.3 621.4 96.1 596 .3 8.6 96.0 
602 .0 5.9 599 .1 6.8 587 .9 23.7 602 .0 5.9 102.4 
602.8 6.2 610 .3 14.0 638 .1 61 .4 602 .8 6.2 94 .5 
614 .1 8.1 628 .7 16.3 681 .8 68 .1 614 .1 8.1 90 .1 
628 .1 12.0 625.4 19.6 615 .6 79.5 628 .1 12.0 102.0 
628.7 10.7 642 .8 22.2 692 .9 91.7 628 .7 10.7 90 .7 
640 .6 16.1 634 .8 33 .5 614 .3 142.3 640 .6 16.1 104.3 
645.2 25.6 664 .6 31.1 730 .8 102.1 645 .2 25 .6 88 .3 
650.8 13.3 649 .9 14.6 646 .8 46 .0 650 .8 13.3 100.6 
665.8 8.2 662 .2 16.0 649.9 64.7 665.8 8.2 102.4 
669.6 6.0 664.2 15.0 645 .9 63.1 669 .6 6.0 103.7 
686.2 4.5 704 .5 11.5 763 .2 45.6 686 .2 4.5 89.9 
695.3 6.2 698 .7 8.2 709 .5 28.3 695 .3 6.2 98.0 
697 .6 9.9 708 .9 8.7 744 .9 17.3 697.6 9.9 93 .7 
697.8 7.3 702 .8 9.9 718 .8 34.0 697 .8 7.3 97 .1 
711 .3 13.5 714 .0 17.8 722.4 60.3 711 .3 13.5 98 .5 
711.4 7.3 712.4 9.5 715 .6 32 .1 711.4 7.3 99.4 
721 .5 10.5 723 .1 21 .7 728 .1 82 .9 721.5 10.5 99.1 
760 .6 12.3 775 .1 18.9 817 .3 63 .3 760 .6 12.3 93.1 
768.0 27.0 808 .7 31.4 922.4 86.7 768 .0 27 .0 83 .3 
770 .1 6.0 771 .9 14.4 776 .9 53 .3 770.1 6.0 99.1 
781 .0 7.2 779 .0 7.2 773 .2 18.4 781 .0 7.2 101.0 
788 .5 16.4 809.4 13.4 867 .3 19.5 788.5 16.4 90 .9 
796 .2 16.7 805 .6 25 .5 832 .0 83 .5 796 .2 16.7 95 .7 
796 .8 8.0 806 .0 20 .2 831.4 72.5 796.8 8.0 95.8 
857.5 11.4 853.2 16.6 842 .2 52 .2 857 .5 11.4 101.8 
867 .9 8.5 856 .6 18.8 827 .2 64 .3 867 .9 8.5 104.9 
869.0 28.3 866.7 21.7 860 .7 27 .8 869 .0 28 .3 101.0 
951.4 10.5 939 .1 18.2 910 .1 56 .2 910 .1 56 .2 104.5 
892 .0 15.1 900.7 11.7 922 .0 15.1 922 .0 15.1 96.7 
959 .0 20 .1 950.1 14.9 929 .5 18.2 929 .5 18.2 103.2 
955.8 31.9 950.3 24 .3 937.4 33.4 937.4 33.4 102.0 
1037.7 18.0 1023.4 32.5 993 .0 95 .1 993 .0 95.1 104.5 
868.7 17.7 905 .1 22.3 994 .9 61 .5 994 .9 61 .5 87 .3 
997.4 31.8 1006.0 23.7 1024.8 28.5 1024.8 28.5 97.3 
1096.7 11.0 1094.8 9.2 1091.0 16.8 1091.0 16.8 100.5 
1211.1 17.5 1210 .7 12.4 1210 .0 14.9 1210 .0 14.9 100.1 
1769.7 21.9 1768.4 12.7 1766 .8 9.8 1766.8 9.8 100.2 
1821.0 38.3 1802.7 21.7 1781.7 16.0 1781. 7 16.0 102.2 
1894.2 17.6 1883.9 11.6 1872.6 14.8 1872.6 14.8 101.2 
1793 .2 50.6 1874.1 28.4 1964.9 13.9 1964.9 13.9 91.3 
1955.0 17.4 1962.6 10.2 1970.6 9.9 1970.6 9.9 99 .2 
2067 .5 26.7 2070 .2 13.8 2072.8 7.2 2072 .8 7.2 99 .7 
2108 .8 44.7 2106 .8 22.4 2104 .9 7.9 2104 .9 7.9 100.2 
2101.1 49 .5 2139 .0 26 .8 2175.6 20 .8 2175 .6 20.8 96.6 
2346 .6 58.7 2482 .5 27.8 2595 .6 5.2 2595 .6 5.2 90.4 
92 
2991 _7 1 29.9 1 2984.9 1 12.3 1 2980 .3 1 4.9 1 2980 .3 1 4.9 1 100.4 1 
Rabejac (RAB) detrital zircon raw data. 
Apparent ages (Ma) 
206Pb * ± 207Pb * ± 206Pb * ± Best age ± Cone 
238U* (Ma) 235U (Ma) 207Pb * (Ma) (Ma) (Ma) (%) 
285.5 4 .3 290 .6 30.9 332 .0 275.9 285.5 4.3 NA 
286 .1 3.3 285 .3 10.1 279 .0 88 .6 286.1 3.3 NA 
286 .7 6.2 284.7 15.5 268.0 133.6 286 .7 6.2 NA 
286 .9 4 .1 293.4 31 .5 345.5 278.3 286 .9 4 .1 NA 
287 .6 2.3 290.0 8.3 309 .8 72.5 287 .6 2.3 NA 
289 .3 1.7 285.4 9.1 253 .0 83.4 289 .3 1.7 NA 
289 .7 3.1 291 .6 6.9 306.4 57 .3 289 .7 3.1 NA 
289 .7 3.6 288 .8 9.0 281 .2 76.9 289 .7 3.6 NA 
291.4 2.2 291 .8 4 .7 294 .6 38.6 291.4 2.2 NA 
291 .5 1.8 291 .7 4.0 293 .2 32.8 291.5 1.8 NA 
292.1 3.5 297.0 12.1 336.5 102.3 292 .1 3.5 NA 
292.6 2.9 294.3 9.6 307 .3 82 .2 292 .6 2.9 NA 
294.4 4 .2 294 .5 10.1 295 .5 83 .9 294.4 4.2 NA 
294 .6 6.1 283 .2 21 .9 190.6 200 .3 294.6 6.1 NA 
294 .9 2.3 295.8 6.5 303 .1 54 .5 294 .9 2.3 NA 
295.1 8.3 286 .2 19.4 214 .2 167.4 295 .1 8.3 NA 
296.9 7.2 299.7 14.7 321.9 115.6 296 .9 7.2 NA 
296 .9 2.6 292 .2 8.2 254 .8 71 .3 296 .9 2.6 NA 
298.9 2.7 295 .8 13.7 271 .2 120.3 298 .9 2.7 NA 
300.8 2.5 295.7 11.1 255.4 97.3 300 .8 2.5 NA 
301 .5 4.3 290 .2 13.7 200 .5 121.7 301.5 4.3 NA 
301.9 2.4 302.5 4 .2 307 .0 31 .8 301 .9 2.4 NA 
303 .6 4 .0 298 .2 15.6 256 .0 135.2 303 .6 4.0 NA 
303 .6 2.8 302.5 6.9 294 .6 56 .2 303.6 2.8 NA 
304 .3 1.6 305 .9 8.7 318.4 73.6 304.3 1.6 NA 
304 .9 3.3 328 .7 29.0 500 .8 226 .5 304 .9 3.3 NA 
305.1 1.8 306.7 16.3 318 .5 139.5 305.1 1.8 NA 
305.2 2.2 306 .9 7.2 320 .0 59.0 305 .2 2.2 NA 
306 .0 3.6 302 .2 10.4 272 .8 87 .3 306.0 3.6 NA 
306 .9 2.0 309 .2 9.7 326 .0 81.5 306.9 2.0 NA 
308 .3 3.3 306.3 7.9 291 .5 63.8 308 .3 3.3 NA 
308.7 4 .0 310.9 18.9 327 .7 157.7 308 .7 4.0 NA 
310 .5 7.2 293 .7 35.0 162.7 317.1 310 .5 7.2 NA 
310 .6 2.9 312 .7 13.4 328 .5 111.2 310 .6 2.9 NA 
313 .5 7.1 334.9 18.4 485.7 132.8 313.5 7.1 NA 
314 .2 3.5 310 .7 11.6 284 .8 95.9 314 .2 3.5 NA 
315 .8 2.0 325.1 13.5 392.5 107.6 315.8 2.0 NA 
317.0 2.0 318.4 4.3 328.4 32.6 317 .0 2.0 NA 




353.9 6.8 352.6 9.0 343 .7 52.1 353 .9 6.8 NA 
451 .0 3.6 449 .6 5.3 442.4 26.8 451 .0 3.6 101.9 
453.2 2.3 457.7 5.9 480 .5 33.5 453.2 2.3 94.3 
453.7 3.9 466 .2 18.4 528.6 106.2 453 .7 3.9 85.8 
454.8 5.0 458.4 7.3 476 .7 35.8 454.8 5.0 95.4 
460.6 4.2 468.1 15.4 504 .9 87.9 460 .6 4.2 91.2 
465 .0 3.3 467 .8 12.4 481 .6 71.1 465 .0 3.3 96.6 
465 .2 5.0 474 .5 19.6 519.5 110.9 465 .2 5.0 89 .6 
468.5 5.7 464.2 10.4 442 .8 55.6 468 .5 5.7 105.8 
493 .1 4.8 503.8 12.8 552 .7 66.5 493 .1 4.8 89 .2 
498 .3 15.8 584.1 20.0 933.4 63.0 498 .3 15.8 53.4 
541 .5 4.8 536.4 51.9 514 .9 273 .5 541 .5 4.8 105.2 
574.7 4 .6 577.4 12.2 588 .0 57 .2 574 .7 4.6 97.7 
589.3 6.8 589 .7 13.3 591.4 58 .8 589 .3 6.8 99.6 
595.0 14.5 570 .1 52 .6 471 .8 261.2 595 .0 14.5 126.1 
607.2 12.9 609 .0 21 .0 615.9 86 .5 607.2 12.9 98.6 
618.0 5.8 626 .8 13.4 658 .5 57.9 618 .0 5.8 93 .9 
618.9 6.9 626.4 21 .5 653 .8 95.3 618 .9 6.9 94 .7 
634.6 3.8 637 .7 13.7 649 .0 60.6 634.6 3.8 97.8 
634.8 4.8 637 .1 6.2 645 .0 22.4 634.8 4.8 98.4 
640.9 3.6 640 .6 8.3 639.4 35.6 640 .9 3.6 100.2 
643 .0 5.4 642 .8 10.4 642.2 42 .9 643 .0 5.4 100.1 
648.4 5.4 642.8 8.9 623 .0 35.5 648.4 5.4 104.1 
649.0 5.6 652 .8 8.7 666 .1 33.3 649.0 5.6 97.4 
652.3 4.0 648 .8 6.2 636.5 23 .9 652 .3 4 .0 102.5 
652.4 5.2 654.8 11.0 663 .0 45.3 652.4 5.2 98.4 
656 .8 4 .3 654 .6 6.6 647.0 25 .6 656 .8 4 .3 101.5 
663.2 21.4 689 .3 53.4 775 .2 213.0 663 .2 21.4 85 .6 
683 .0 11.1 681.9 11.7 678.4 34.8 683 .0 11.1 100.7 
687 .3 9.2 691.5 12.6 705 .1 44 .0 687.3 9.2 97.5 
726.2 5.9 719.2 14.9 697.4 58.7 726 .2 5.9 104.1 
734.4 9.2 737 .5 13.1 746 .9 44 .9 734.4 9.2 98.3 
761.2 7.8 768 .2 13.3 788.5 46.5 761.2 7.8 96 .5 
773.6 5.2 776.4 17.1 784.4 64.3 773 .6 5.2 98.6 
848 .1 8.6 846 .1 20 .1 840.9 69.4 848 .1 8.6 100.9 
996.9 11.5 994.4 9.7 988 .8 18.3 988 .8 18.3 100.8 
958 .5 9.4 977.3 17.3 1019.8 51 .5 1019.8 51.5 94.0 
1036.6 7.7 1033.4 8.7 1026 .6 21 .7 1026.6 21.7 101.0 
1054.6 4.5 1054.2 8.9 1053 .2 25.7 1053.2 25 .7 100.1 
1054.8 7.0 1056.8 12.8 1061 .0 36.6 1061.0 36.6 99.4 
1025.4 14.9 1038.4 59.9 1065.8 182.5 1065.8 182. 96.2 
999 .6 14.2 1049.5 12.6 1155.0 23 .1 1155.0 23 .1 86.5 
1210.4 8.1 1218.1 6.8 1231.8 11.9 1231.8 11.9 98.3 
1790.9 33.5 1813.8 27.5 1840.2 44 .3 1840.2 44 .3 97.3 
1896.9 13.2 1892.3 13.3 1887 .3 23.9 1887.3 23 .9 100.5 
1767.3 23.2 1848.2 23 .3 1940.4 40.8 1940.4 40 .8 91 .1 
2002 .0 8.1 2000.6 5.4 1999.1 7.0 1999.1 7.0 100.1 
2041 .6 17.8 2030.1 11.0 2018.4 12.9 2018.4 12.9 101.1 
1975.8 16.2 2017.0 12.1 2059.4 17.7 2059.4 17.7 95.9 





2162 .7 15.4 2149.4 9.5 2136 .7 11.6 2136 .7 11.6 101.2 
2238 .3 42 .3 2225 .6 20.3 2214 .0 5.0 2214 .0 5.0 101.1 
2441 .5 15.9 2423.7 7.5 2408 .7 3.5 2408.7 3.5 101.4 
2760.6 33.0 2722.6 16.3 2694 .5 14.9 2694 .5 14.9 102.5 
2579 .6 26.9 2669.8 13.4 2738.8 10.7 2738 .8 10.7 94 .2 
2890 .3 18.3 2883 .7 9.8 2879.1 10.7 2879 .1 10.7 100.4 
2502 .5 57.7 2721 .6 26 .5 2888.5 4 .5 2888 .5 4 .5 86 .6 
2972 .7 37 .0 2952 .0 15.1 2938.0 3.7 2938.0 3.7 101 .2 
Lower Salagou (L_SAL) detrital zircon raw data. 
Apparent a~ es (Ma) 
206Pb* ± 207Pb* ± 206Pb* ± Best age ± Cone 
238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
220 .1 16.0 243.9 20.4 479 .3 127 .8 220 .1 16.0 NA 
241 .9 16.3 272 .0 20.7 539.5 116 .0 241.9 16.3 NA 
272.5 17.2 279.7 16.8 340.5 52 .2 272.5 17.2 NA 
283 .2 14.1 290.7 24 .3 351 .9 184 .9 283 .2 14.1 NA 
285 .0 3.4 271.9 11 .1 160 .7 105 .5 285 .0 3.4 NA 
286.3 4.3 274.6 13.6 175 .7 127 .2 286.3 4.3 NA 
290.5 2.7 292 .9 6.6 312 .1 54 .5 290 .5 2.7 NA 
296.2 2.4 298 .2 4 .5 314 .2 35 .3 296 .2 2.4 NA 
301 .8 9.5 309.4 13.6 367.4 89.5 301.8 9.5 NA 
301 .8 5.2 295 .7 17.6 247 .7 153 .1 301 .8 5.2 NA 
303.0 3.5 293 .1 25.0 215 .0 225.9 303.0 3.5 NA 
309.8 7.4 340 .0 27.0 551 .8 197 .3 309 .8 7.4 NA 
312.5 5.5 307.1 20.0 266 .5 168 .1 312 .5 5.5 NA 
312 .7 3.0 314 .6 7.5 328 .4 58 .7 312.7 3.0 NA 
313 .3 3.2 318 .7 7.4 357 .9 56.4 313 .3 3.2 NA 
313.4 7.2 303 .9 21 .7 231 .2 183 .3 313.4 7.2 NA 
425.7 18.7 447.2 18.4 559 .3 49.8 425.7 18.7 76 .1 
448.1 28 .5 458.4 27 .2 510 .5 73.5 448.1 28.5 87 .8 
452 .5 7.0 453.1 9.8 455 .8 47 .6 452 .5 7.0 99.3 
454 .8 3.2 452 .8 12.4 442.7 73.8 454.8 3.2 102 .7 
457.6 5.3 451 .1 10.6 418 .2 59.3 457.6 5.3 109.4 
459.3 6.2 449 .3 13.4 398.1 76.6 459 .3 6.2 115.4 
459.4 4 .9 448 .2 14.2 390.8 84 .1 459.4 4 .9 117 .5 
459 .5 3.2 454 .5 8.6 429.5 49.7 459.5 3.2 107.0 
460 .1 4.6 460.3 9.7 461 .5 53.4 460 .1 4.6 99.7 
461.3 5.0 452 .5 17.3 407 .9 102.7 461 .3 5.0 113 .1 
461 .6 14.4 463.7 16.9 474.0 70.6 461 .6 14.4 97.4 
462 .2 7.4 451.4 31.3 397.1 189 .0 462 .2 7.4 116.4 
462 .3 12.2 451 .7 16.7 398.4 82 .3 462 .3 12.2 116.0 
462 .3 5.1 466 .6 10.1 488 .1 53 .7 462 .3 5.1 94 .7 
463 .3 24.0 455 .0 32 .7 413 .2 159 .2 463 .3 24 .0 112.1 
463.4 6.5 476.2 10.5 538.5 51.4 463.4 6.5 86.1 
95 
463 .5 4.5 459.7 10.3 440 .8 57 .6 463.5 4 .5 105.2 
464 .2 8.3 469 .3 19.2 494 .3 105.2 464.2 8.3 93.9 
464 .9 6.0 467.0 10.0 477 .2 51.1 464.9 6.0 97.4 
465.0 9.7 473 .1 35.6 512.2 201 .8 465 .0 9.7 90.8 
465 .1 6.2 451 .2 25.5 381.2 154.6 465 .1 6.2 122.0 
465 .2 7.5 468.5 12.9 484 .8 66.4 465 .2 7.5 95 .9 
465.4 4.1 465 .1 8.4 464.0 45 .5 465.4 4.1 100.3 
465.6 3.9 456 .6 14.2 411.4 84.1 465.6 3.9 113.2 
468.7 7.8 468 .2 8.8 465.9 34.8 468 .7 7.8 100.6 
471 .1 5.7 474 .3 9.7 489.9 48.9 471.1 5.7 96.2 
472.0 6.9 475.9 10.0 494.9 47 .7 472.0 6.9 95.4 
479 .2 6.8 471.6 12.2 434.7 63.9 479 .2 6.8 110.2 
487 .6 36.1 473.1 36.3 403 .6 128.8 487 .6 36.1 120.8 
530.4 10.7 569 .5 35.5 728 .9 166.9 530.4 10.7 72.8 
533.0 20 .5 553 .6 18.5 639 .1 35.2 533 .0 20.5 83.4 
544.1 13.8 541.6 17.9 531 .2 73.3 544.1 13.8 102.4 
550.9 3.5 555 .7 6.5 575 .3 29 .3 550.9 3.5 95.8 
555.3 18.9 557 .3 28 .0 565 .9 119.5 555.3 18.9 98.1 
556 .0 18.1 557 .6 23 .7 564.1 94 .5 556 .0 18.1 98.6 
556.2 8.7 558.9 30.2 569 .8 149.0 556.2 8.7 97 .6 
564.2 23.7 563 .8 20 .2 562 .5 35 .1 564.2 23 .7 100.3 
578.2 10.9 564 .9 24.4 511.7 116.2 578 .2 10.9 113.0 
582 .6 10.4 588.4 40 .7 610.7 193.3 582 .6 10.4 95.4 
591 .0 13.7 613.2 52 .1 696 .2 235.8 591.0 13.7 84.9 
594 .1 13.2 603.3 17.4 637 .9 65 .7 594 .1 13.2 93.1 
594.9 11.1 594 .1 16.8 591.0 69.4 594.9 11 .1 100.6 
601 .3 7.2 598.9 24 .2 589 .8 112.6 601 .3 7.2 101.9 
616 .7 6.3 611 .7 17.4 593.5 78.5 616.7 6.3 103.9 
618 .7 52.9 628 .1 51.1 662 .2 132.8 618 .7 52 .9 93.4 
643 .2 6.4 642 .3 34.6 638.8 154.7 643.2 6.4 100.7 
678.4 7.0 671.2 12.0 647.2 47 .1 678.4 7.0 104.8 
690.4 8.5 683 .3 22 .6 660 .0 93 .5 690.4 8.5 104.6 
692 .3 28.4 715 .9 23.4 790 .6 29 .8 692 .3 28.4 87 .6 
773 .2 39.1 820.3 51.2 950.4 150.1 773 .2 39.1 81.3 
776 .9 7.9 773 .9 7.6 765 .1 18.9 776 .9 7.9 101.5 
852.8 22.4 848 .1 21 .0 835 .8 48 .5 852 .8 22.4 102.0 
878 .2 58.3 877 .6 41.8 876 .1 11.3 878.2 58 .3 100.2 
975.1 12.3 964 .8 14.6 941 .5 39.3 941 .5 39.3 103.6 
976 .7 7.3 966.3 14.6 942 .8 45 .0 942 .8 45.0 103.6 
1055.5 17.8 1044.5 40.7 1021.6 120.8 1021 .6 120.8 103.3 
1028.8 10.9 1027.6 14.4 1024.8 38 .7 1024.8 38.7 100.4 
1005.9 22.9 1023.0 23 .5 1059.7 54.2 1059.7 54.2 94.9 
1061.7 10.7 1063.4 10.9 1066.8 24 .8 1066.8 24.8 99.5 
1413.9 9.1 1403.6 12.9 1388.0 29 .5 1388.0 29 .5 101.9 
1826.2 12.3 1836.7 14.2 1848.5 26 .8 1848.5 26 .8 98.8 
1832.8 16.3 1845.3 9.0 1859.4 4.7 1859.4 4.7 98 .6 
1867.9 14.3 1874.5 13.3 1881.9 23 .0 1881.9 23.0 99 .3 
1789.7 18.9 1833.4 13.3 1883.4 17.9 1883.4 17.9 95.0 
1891.3 16.8 1887.7 9.1 1883.8 5.1 1883.8 5.1 100.4 
1777.1 27.0 1852.5 15.3 1938.1 8.4 1938.1 8.4 91 .7 
1934.2 64 .2 1964.3 34.2 1996.2 15.0 1996.2 15.0 96 .9 
96 
1908.6 38.3 1967.8 21.9 2030 .5 17.3 2030.5 17.3 94.0 
2054.4 17.1 2061.4 16.1 2068.4 27.2 2068.4 27 .2 99 .3 
1990.1 33.4 2043.6 19.1 2098.1 16.7 2098.1 16.7 94.9 
2176.1 20.8 2170.6 10.4 2165.3 4 .7 2165.3 4.7 100.5 
2314.2 14.3 2369.7 6.8 2417 .8 1.7 2417 .8 1.7 95.7 
2534.5 30.2 2527.1 15.9 2521.1 15.5 2521 .1 15.5 100.5 
2486 .2 53.4 2559.0 24.9 2617.2 10.6 2617.2 10.6 95.0 
2672.7 22.4 2697.5 10.9 2716.1 8.6 2716 .1 8.6 98.4 
2826.2 24.6 2862.0 11.2 2887.3 7.6 2887 .3 7.6 97.9 
2889.7 93.1 2893 .6 43.4 2896.4 34.8 2896.4 34.8 99.8 
3149.5 68.8 3208 .8 26 .9 3246.1 3.0 3246 .1 3.0 97.0 
Middle Salagou (M_SAL) detrital zircon raw data. 
Apparent ares (Ma) 
206Pb* ± 207Pb* ± 206Pb* ± Best age ± Cone 
238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
283 .1 3.4 288 .6 8.0 333.4 66 .7 283 .1 3.4 NA 
284.7 2.7 288 .2 14.3 316.8 127.8 284.7 2.7 NA 
286.4 1.9 286.1 4 .5 283.5 38.4 286.4 1.9 NA 
286 .9 6.2 282.9 21.5 249 .8 194.3 286 .9 6.2 NA 
287.2 2.3 282 .0 9.2 239 .1 84.3 287.2 2.3 NA 
288.5 4.5 283.8 9.2 245 .0 77 .6 288.5 4.5 NA 
290 .2 3.5 285.4 14.8 245.9 134.2 290 .2 3.5 NA 
291 .1 5.6 301.5 10.9 382 .6 82 .7 291 .1 5.6 NA 
291 .8 5.0 293.3 12.2 305 .3 101.5 291.8 5.0 NA 
294.2 4.2 293.3 10.9 285.9 92.2 294.2 4 .2 NA 
294.4 2.2 296 .9 4 .7 316 .5 37.4 294.4 2.2 NA 
297 .8 3.4 298.1 5.0 301.2 35.5 297 .8 3.4 NA 
301.0 12.5 334.8 34.7 576.9 248 .2 301.0 12.5 NA 
304.9 7.9 307 .2 12.2 324.6 84 .7 304.9 7.9 NA 
305.0 14.8 304.1 19.5 297.5 126.4 305 .0 14.8 NA 
306.4 5.7 313.1 10.5 363.7 77 .0 306.4 5.7 NA 
310.5 5.5 320.5 19.1 393.4 150.7 310 .5 5.5 NA 
325.2 10.1 333.1 12.6 388 .9 69 .9 325.2 10.1 NA 
337.8 3.9 335 .3 8.9 318.1 65.4 337 .8 3.9 NA 
345.2 3.5 353.0 6.8 404 .6 45.2 345.2 3.5 NA 
430.4 7.5 442 .7 9.5 507.6 42.2 430.4 7.5 84.8 
444.6 5.0 444.7 7.7 445.3 39.9 444 .6 5.0 99 .8 
457.2 6.0 457.6 9.0 459 .3 45.1 457.2 6.0 99.6 
457 .5 10.1 458.9 10.9 466.0 41 .6 457.5 10.1 98.2 
457.6 5.0 459 .6 7.4 469.5 36.3 457.6 5.0 97.5 
457.6 4.1 455.0 9.9 441.4 56.4 457.6 4 .1 103.7 
458 .3 3.0 461.8 15.3 479 .3 89.7 458.3 3.0 95.6 
461 .1 5.8 464.9 11.1 483 .7 59.2 461.1 5.8 95.3 






462.0 3.1 457 .8 9.0 436 .8 51 .9 462 .0 3.1 105.8 
463 .3 5.2 461 .7 9.7 453 .8 52 .3 463 .3 5.2 102.1 
463 .7 9.5 464 .9 24.9 471 .0 140.2 463 .7 9.5 98.4 
463 .9 11.1 468 .0 11.1 488.0 35 .7 463 .9 11.1 95 .1 
466.1 7.3 492.8 20.0 619 .0 104.7 466.1 7.3 75 .3 
467 .5 8.8 467 .7 18.2 468 .5 98.7 467.5 8.8 99.8 
468 .2 5.9 472 .5 9.9 493.2 50 .3 468.2 5.9 94 .9 
468.4 6.6 468.7 10.6 470 .0 53 .6 468.4 6.6 99 .7 
469 .7 12.1 471 .3 15.9 479.1 71 .8 469.7 12.1 98 .0 
469 .8 7.6 470 .2 18.9 472 .5 104.6 469 .8 7.6 99.4 
477 .9 8.3 485.3 7.8 520.4 19.7 477.9 8.3 91.8 
478.4 4.7 482 .5 9.5 502 .2 49 .7 478.4 4.7 95 .2 
496 .9 5.6 525.2 35.7 650.1 185.2 496 .9 5.6 76.4 
507 .1 26.2 515.6 24 .7 553 .3 63 .3 507 .1 26 .2 91.7 
516.8 11.7 498.1 20.9 413 .1 106.2 516 .8 11.7 125.1 
562 .8 11.8 555 .7 15.2 527 .2 61 .2 562 .8 11.8 106.8 
564.4 7.4 567 .5 20.9 579 .5 100.3 564.4 7.4 97.4 
566.0 16.4 572 .9 14.3 600.4 27.4 566 .0 16.4 94 .3 
576 .8 3.7 579 .6 12.7 590 .3 60.4 576 .8 3.7 97 .7 
583 .8 8.2 566 .8 24.4 499 .3 119.4 583 .8 8.2 116.9 
596 .2 8.1 612 .3 23.3 672 .5 104.1 596 .2 8.1 88 .7 
597 .1 8.5 594 .2 21 .3 582 .9 97 .5 597.1 8.5 102.4 
602 .7 5.5 608 .9 24.5 632.0 113.3 602.7 5.5 95.4 
605 .3 4.9 608 .3 7.4 619 .6 29.6 605. 3 4 .9 97 .7 
610 .3 8.8 611 .6 13.1 616.6 52.1 610.3 8.8 99.0 
611 .6 9.0 614 .2 9.2 623.7 27.6 611 .6 9.0 98.1 
623.4 7.2 626 .9 12.1 639 .3 49 .0 623.4 7.2 97.5 
625 .6 16.7 638 .3 15.6 683.8 37.3 625 .6 16.7 91.5 
628 .5 7.2 633 .9 7.8 652 .8 24 .7 628 .5 7.2 96.3 
631 .5 6.7 626 .9 15.0 610.4 64 .7 631.5 6.7 103.5 
631 .7 5.3 624.2 13.0 597.2 57.3 631 .7 5.3 105.8 
635 .6 9.4 633 .0 21 .0 623 .8 90.2 635 .6 9.4 101.9 
639 .3 9.7 642.3 9.2 652.8 23 .5 639 .3 9.7 97.9 
651 .8 4 .7 648 .2 11.0 635.8 46.4 651 .8 4 .7 102.5 
663.4 18.7 688 .5 45 .5 771 .3 181.2 663.4 18.7 86 .0 
665 .1 10.4 668.6 25.3 680.4 104.8 665.1 10.4 97 .8 
667.4 13.9 662.2 13.2 644 .5 34 .3 667.4 13.9 103.5 
671.8 2.9 673 .1 5.0 677.4 19.4 671 .8 2.9 99 .2 
673.2 7.5 671.4 13.6 665 .7 53 .8 673 .2 7.5 101.1 
673 .6 8.4 669 .0 9.9 653 .6 32 .7 673 .6 8.4 103.1 
675.6 9.7 672 .1 24 .8 660 .7 103.4 675 .6 9.7 102.3 
684 .2 56.4 679 .0 43 .9 661 .6 36.4 684.2 56.4 103.4 
692.3 3.3 689 .8 5.5 681 .8 21 .1 692.3 3.3 101.5 
692 .9 4.1 693 .9 6.6 697 .2 24 .7 692 .9 4 .1 99.4 
698 .0 6.0 690 .2 9.0 664 .9 33.5 698.0 6.0 105.0 
699 .1 8.6 698 .6 7.8 697 .2 18.2 699 .1 8.6 100.3 
705.0 7.8 716 .8 19.7 754 .1 77 .2 705 .0 7.8 93.5 
708.4 12.1 742.7 18.1 847 .6 60 .7 708.4 12.1 83.6 
720 .1 10.1 717.7 40 .5 710.1 164.5 720 .1 10.1 101.4 
856.3 12.1 870 .9 13.8 908 .5 37 .5 856 .3 12.1 94.3 
900 .2 33.2 889.8 24.9 863 .9 30 .0 900 .2 33.2 104.2 
98 
890 .3 9.7 904.7 43.4 940 .0 146.7 940 .0 146.7 94 .7 
926.4 31.7 937 .9 26.0 964 .9 43 .7 964 .9 43 .7 96.0 
1021.9 8.9 1014.2 22.6 997.6 68 .8 997 .6 68.8 102.4 
1025.8 12.7 1022.5 9.7 1015.4 14.0 1015.4 14.0 101.0 
986.9 16.1 998.7 16.3 1024 .6 37.8 1024 .6 37.8 96.3 
1054.5 9.5 1045.1 11.3 1025.6 29.2 1025 .6 29 .2 102.8 
1036.3 15.7 1033.8 16.6 1028.6 39.8 1028 .6 39.8 100.7 
1072.7 10.8 1064.6 7.9 1048.1 10.3 1048.1 10.3 102.3 
911.5 11.2 958.7 32 .8 1068.4 103.1 1068.4 103.1 85.3 
1050.8 9.3 1057.7 9.4 1072.0 21 .3 1072 .0 21.3 98 .0 
1098.8 23 .9 1090.8 33.9 1074.9 90.1 1074 .9 90.1 102 .2 
1042.7 14.2 1070.9 24 .9 1128.7 68 .9 1128 .7 68 .9 92.4 
1880.0 12.9 1868 .2 7.6 1855.0 7.5 1855 .0 7.5 101.3 
1802.0 36.5 1842.0 21 .7 1887.4 19.0 1887.4 19.0 95 .5 
1938.4 22.4 1949 .2 12.7 1960 .7 10.3 1960.7 10.3 98.9 
1961 .0 21 .8 1968.8 13.5 1977 .1 15.5 1977.1 15.5 99 .2 
1940.3 47 .0 1960.5 24.7 1981.9 8.6 1981 .9 8.6 97 .9 
1835.4 35.6 1922.4 21 .1 2017.5 17.8 2017.5 17.8 91.0 
2133 .7 47 .6 2138 .1 23 .7 2142 .3 8.2 2142.3 8.2 99.6 
1893. 7 40.5 2213.9 23.4 2525 .1 14.0 2525 .1 14.0 75.0 
2474.1 32.2 2518.2 15.4 2554.0 8.9 2554 .0 8.9 96 .9 
2195.4 18.0 2414 .1 11.6 2604.1 13.4 2604 .1 13.4 84 .3 
Upper Salagou (U_SAL) detrital zircon raw data. 
Apparent ages (Ma) 
206Pb * ± 207Pb* ± 206Pb * ± Best aQe ± Cone 
238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
287 .0 10.6 297.7 19.8 381.8 150.5 287 .0 10.6 NA 
292 .6 8.6 298.8 16.0 348.1 122.0 292.6 8.6 NA 
293 .0 4.0 287.9 11.9 246 .9 104.7 293.0 4 .0 NA 
294 .3 3.1 295 .1 5.4 302.2 41 .2 294 .3 3.1 NA 
298 .2 4.6 296 .6 13.8 283 .5 117.2 298.2 4 .6 NA 
303 .6 6.1 303.4 9.0 302.0 62.4 303.6 6.1 NA 
308 .0 6.0 288 .6 20.0 134.9 181.3 308 .0 6.0 NA 
310.6 4.8 313.8 6.5 338 .2 41.2 310.6 4.8 NA 
316 .5 8.4 314.4 10.9 298.2 68.1 316 .5 8.4 NA 
316.8 14.1 317.6 18.9 323 .1 118.6 316.8 14.1 NA 
330 .2 6.6 331.4 11.3 340 .2 77.5 330.2 6.6 NA 
408.8 36.1 460 .8 35.1 729 .3 56 .2 408 .8 36.1 56.0 
422 .0 22.8 437.4 23.6 519.7 78 .8 422 .0 22 .8 81 .2 
434.0 5.2 441 .7 9.3 481 .9 50.4 434 .0 5.2 90.1 
438 .8 6.4 438 .8 13.7 439 .0 78 .5 438 .8 6.4 100.0 
446 .6 10.3 455 .2 11.1 498.5 40.8 446.6 10.3 89 .6 
456 .6 4.9 438.7 29 .3 345.8 184.9 456.6 4.9 132.0 




462.1 3.4 463 .8 5.9 472.6 30.9 462.1 3.4 97.8 
466.5 6.3 462 .5 12.4 442 .8 67.7 466.5 6.3 105.4 
466 .6 6.4 461.8 18.2 438.0 104.7 466.6 6.4 106.5 
469 .0 20.8 471 .6 19.3 484 .1 50 .3 469.0 20.8 96.9 
470 .0 4.4 470 .3 22.6 472 .1 131.4 470 .0 4.4 99.5 
475.5 15.1 473 .8 17.9 465 .8 75.4 475 .5 15.1 102.1 
481 .2 3.5 480.4 7.8 476 .8 41 .9 481 .2 3.5 100.9 
481.3 7.5 477 .9 13.3 461.4 68.5 481 .3 7.5 104.3 
481 .3 4.8 482.9 19.4 490 .2 109.2 481 .3 4 .8 98 .2 
490.4 9.3 494 .0 12.1 510 .6 52.2 490.4 9.3 96 .0 
505 .0 5.5 518 .6 8.9 579 .1 40 .9 505.0 5.5 87 .2 
506.5 13.2 496 .5 15.0 450.4 59.6 506 .5 13.2 112.5 
517 .7 26.3 527 .2 25.1 568 .9 66.6 517 .7 26 .3 91.0 
549.0 9.0 556 .3 16.6 586.4 75.3 549 .0 9.0 93 .6 
566.9 15.8 563 .6 20.7 550 .3 83.2 566 .9 15.8 103.0 
587.3 4.6 586 .1 5.9 581.4 22.6 587 .3 4 .6 101.0 
593 .0 10.0 588 .6 16.6 571 .9 71 .5 593 .0 10.0 103.7 
601 .7 5.6 598 .6 5.4 587 .0 15.3 601.7 5.6 102.5 
604.0 8.7 608.9 17.2 627 .0 74 .1 604 .0 8.7 96 .3 
606.3 4.4 602 .3 14.1 587 .1 65.5 606.3 4.4 103.3 
609 .3 22.9 613.9 24.4 630.7 75.8 609.3 22 .9 96.6 
610 .8 4.4 607 .9 7.0 597 .0 28.9 610 .8 4.4 102.3 
612 .9 29.4 610 .5 25.5 601 .8 50.7 612.9 29.4 101.8 
624.2 9.2 622.4 13.0 615.9 49 .9 624.2 9.2 101.4 
624.8 6.4 630 .9 6.6 653.1 19.8 624 .8 6.4 95.7 
626.0 7.5 621 .0 22.5 602 .6 101.4 626.0 7.5 103.9 
629.1 4.9 632.5 12.1 644.8 52 .3 629 .1 4 .9 97 .6 
633.1 9.1 635.8 19.3 645.2 81.4 633.1 9.1 98 .1 
634 .7 5.8 626.4 11.8 596 .9 50.7 634 .7 5.8 106.3 
635 .0 9.6 639.4 19.4 655 .0 80.7 635.0 9.6 97.0 
636 .3 12.0 634.4 19.3 627 .6 77 .0 636 .3 12.0 101.4 
642.2 6.1 645.3 8.2 656 .1 30.1 642.2 6.1 97.9 
643.4 15.7 640.7 24 .1 631.0 94.6 643.4 15.7 102.0 
647.3 39.6 626 .3 45 .7 551 .0 160.9 647.3 39.6 117.5 
654 .2 7.9 659.4 10.2 677 .1 36.1 654.2 7.9 96.6 
656.5 8.9 654.4 8.9 647.4 25.3 656 .5 8.9 101.4 
656 .6 4 .7 647 .6 7.8 615.9 31.4 656.6 4.7 106.6 
658 .9 6.2 656.7 11.7 649 .3 47.5 658.9 6.2 101.5 
660.0 20.2 676.7 41 .0 732.7 162.0 660.0 20.2 90.1 
668.4 21.6 663.1 18.7 645 .3 38.7 668.4 21.6 103.6 
671.6 4.9 665.3 14.3 644.0 60.7 671.6 4.9 104.3 
674 .8 55.2 676.1 44 .0 680 .5 49.1 674.8 55.2 99 .2 
675 .2 6.7 698.8 22.1 775 .7 89.6 675 .2 6.7 87 .0 
688.4 6.2 682.0 10.4 660.8 39.9 688.4 6.2 104.2 
693 .1 9.3 698.0 36.0 713.8 148.5 693.1 9.3 97.1 
701.8 7.1 704 .9 11.7 714 .8 43 .3 701.8 7.1 98.2 
723 .5 54.9 739.4 43 .2 787.9 38.3 723 .5 54.9 91.8 
740.3 13.3 744 .1 15.4 755.6 46 .5 740 .3 13.3 98.0 
757 .6 9.1 746.3 20.4 712.3 77 .6 757 .6 9.1 106.4 
777 .1 27.6 815 .0 27.4 920 .2 63.8 777 .1 27.6 84.4 




782 .2 12.0 779.5 11.5 771 .6 28 .7 782.2 12.0 101.4 
792 .6 11.7 795.0 11.3 801 .7 27.5 792 .6 11.7 98.9 
804 .2 17.7 804 .0 44 .9 803.3 162.1 804 .2 17.7 100.1 
832 .2 24.2 836 .2 21 .6 846 .8 45 .3 832.2 24.2 98 .3 
850 .0 12.9 845.7 11.7 834 .6 26 .1 850 .0 12.9 101.8 
897 .7 57.8 901.9 42 .8 912.0 39.5 912.0 39.5 98.4 
955 .0 9.2 945 .7 8.4 924.1 18.1 924.1 18.1 103.3 
959 .9 11.9 951 .7 22.1 932 .8 68 .1 932 .8 68.1 102.9 
902.2 24.1 913 .2 18.5 940 .0 23.2 940 .0 23.2 96 .0 
920 .9 16.8 932 .9 24.5 961 .5 71 .5 961 .5 71 .5 95 .8 
967 .2 29 .3 975 .3 24.3 993.6 42 .5 993 .6 42 .5 97 .3 
1003.3 9.2 1002.9 14.8 1001 .9 42 .5 1001.9 42 .5 100.1 
976.6 19.0 985.4 15.3 1005 .0 24 .8 1005.0 24 .8 97.2 
993 .9 25.4 1001.6 20 .8 1018 .3 35.2 1018.3 35.2 97.6 
1075.6 9.8 1066.7 8.5 1048 .5 16.8 1048.5 16.8 102.6 
1056.8 14.6 1054 .3 13.5 1049.2 28 .7 1049.2 28.7 100.7 
1036.8 9.9 1041 .9 20 .2 1052 .5 58 .7 1052.5 58.7 98 .5 
1342.0 23.1 1440 .3 15.5 1588.5 12.0 1588.5 12.0 84 .5 
1627.1 37.3 1663 .9 21.5 1710.8 7.0 1710 .8 7.0 95 .1 
1304.9 29.0 1493.3 20 .3 1772.1 15.4 1772 .1 15.4 73.6 
1769.8 45 .6 1822 .5 26 .1 1883.2 16.2 1883.2 16.2 94.0 
1937.3 20.0 1914 .5 11.0 1889 .8 8.2 1889 .8 8.2 102.5 
1901.1 16.3 1933.3 9.2 1968 .0 7.0 1968.0 7.0 96.6 
1976.5 63.8 2003 .1 33.7 2030 .6 16.1 2030 .6 16.1 97.3 
2074.8 18.5 2075 .5 9.5 2076.1 4 .2 2076 .1 4 .2 99 .9 
2086.1 20.2 2095 .7 12.1 2105 .0 13.2 2105 .0 13.2 99 .1 
2107 .7 15.1 2112 .7 9 .5 2117 .5 11.5 2117 .5 11.5 99.5 
2604.2 31.2 2618 .8 14.0 2630 .2 5.3 2630 .2 5.3 99.0 
2573 .6 58.2 2698 .0 32.1 2792.4 33.0 2792.4 33.0 92 .2 
2964 .2 31.1 2935 .2 12.7 2915.4 2 .6 2915.4 2.6 101.7 
2989 .8 20.6 3018.1 8.5 3037 .1 3.1 3037.1 3.1 98.4 
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Appendix D: Sandstone Petrography Point Counts (Raw Data) 
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Table 0. - Detrital modes of detrital zircon samples from Lodeve Basin sandstones . 
Formation XDM PAB HOU USCL RAB L 
SAL U SAL 
N=3 N=3 N=2 N=4 N=2 N=4 N=3 
Grains 
Qm 216 442 377 606 
340 414 460 
Km 1 0 220 341 
47 10 2 
Pm 19 164 73 435 
158 603 335 
Lm 517 278 28 14 11
7 262 165 
Qr 85 25 0 7 3 
30 53 
Pr 4 9 0 I l 4
9 25 
Kr 0 0 0 17 11 
10 2 
M 69 46 41 14 17 
32 8 
0 30 9 1 5 11 
24 11 
Chi 111 11 0 0 0 
1 0 
~ 
0 Qp (2-3) 36 14 6 49 21 38 
24 
w 
Qp (>3) 112 194 60 111 70 12
6 113 
chert 0 8 0 0 4 
1 2 
Notes: Modes based on point counts of 400 QFL framework grains per sample (N is the numbe
r of samples in each formation group). 
Monoc,ystalline grains: Qm=Quartz , Km =Potassium Feldspar, Pm=Plagioclase , Polyc rys tallin
e gra ins: Qp=Quartz (2-3 grains or >3 
grains). Lm=metamorphic lithics. Qr, Pr, and Kr are quartz , plagioclase , and potassium feldspa
r within a lithic fragment (respectively). 
Special grains. M=mica , O=opaques , Chl=chlorite, and chert. Minerals are identified following
 the Gazzi-Dickinson method 
(Ingersoll et al. 1984) with a 63 µm cutoff. Counts were conducted by the same operator on thi
n sections stained for potassium 
feldspar. Quartz grain undulosity was recorded , and lithic fragments (Qr, Pr , Kr) were classifie
d as metamorphic or plutonic. See 
"Methods " section for details. 
Table 0. - Feldspar trends and Mono crys talline Quartz (Qm) Undu/osity. 
Feldspar Qm Undu losity 
Fonnation % K-spar % Plag % undulos e % non-und 
XDM 0 0 67% 33% 
XDM 17% 83% 78% 22% 
XDM 22% 78% 6 1% 39% 
Avg. XDM 19% 81% 69% 31% 
PAB 7% 93% 86% 14 % 
PAB 10% 90% 79% 2 1% 
PAB 0% 100% 69% 31% 
Avg. PAB 6% 94% 78% 22% 
HOU 69% 31% 82% 18% 
HOU 82% 18% 77% 23% 
Avg. HOU 75% 25% 79% 21% 
USCL 58% 42% 70% 30% 
USCL 56% 44% 89% 11% 
USCL 51% 49% 78% 22% 
USCL 56% 44% 98% 2% 
Avg. USCL 55% 45% 84% 16% 
RAB 56% 44% 89% 11% 
RAB 2% 98% 69% 31% 
Avg.RAB 29% 71% 80% 20% 
L SAL 7% 93% 83% 17% 
L SAL 18% 82% 68% 32% 
L SAL 8% 92% 70% 30% 
L SAL 3% 97% 79% 21% 
Avg. L_SAL 9% 91% 76% 24% 
U SAL 19% 81% 90% 10% 
U SAL 11% 89% 77% 23% 
U SAL 0% 100% 69% 31% 
Avg. U SAL 10% 90% I 77% 23% 
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Appendix E-1.- GPS coordinates o_/ samples included in thi
s study. 
Sample 
Numb er Formation G PS Coo rdinates 
Gra in Size 
T3-A,B,C Triass ic N 43° 39 .672 ', E 003
° 13.9 18' vf. sand 
R23-A U. Salago u 43° 39 .386 ', E 003 ° 8.79 4
' cg lm 
R2B-B U. Salagou N 43 ° 38.689' , E 003 ° 14.108' c
. sand 
PT M . Salago u 43° 40.48' , E 003 ° I 1.067' 
mud 
R28-G Octon Mbr. N 43 ° 38.661' , E 003 ° 17.341' mud
 
R2B-E M. Salago u 43 ° 40 .064' , E 003 ° 24 .5 16' mu
d 
R2B-D L. Salago u 43 ° 40 .068' , E 003 ° 24 .593' f. san d 
R2B-C L. Salago u 43 ° 39.46 1 ', E 003 ° 24 .434 ' mud 
R2B-F Base Salagou N 43 ° 41.331 ' , E 003 ° 24.660' silt /f. san
d 
RIG /RIF-A Rabejac N 43 ° 41.277' , E 003 ° 20.302 ' cglm /sand 
R2-A Rabejac N 43° 40 .906 ', E 003 ° 9 .753' mud 
RIF-A Loiras/Viala N 43 ° 42.193' , E 003 ° 20.288' silt /mud 
RI -A Usc las 43° 40 .837' , E 003 ° 9.064' m. and 
RIB-C Usclas N 43 ° 43.931 ' , E 003 ° 24.833' m. sand 
RI B-8 Uscla 43 ° 42.979', E 003 ° 23 .8' f. sand 
HSB2-A Houilliere N 43 ° 40.707' , E 003 ° 6.099' c. sand 
H58 2P-A Pabau 43° 40 .679', E 002 ° 58.6 18' sand 
Croix de 
HSBI-A Mounis N 43 ° 40.965' , E 002 ° 8.97' cglm 
Notes: Sample s in bold were anal yzed for detrit al zircon. See Fig . 7 for sample 




Appendix E-2.- Generalized zircon grain observa tions ft-om BSE images (Fig. 8) for comparison b
etween samples . 
U_SAL 
Upp Salagou Fm 
(R28-8 ) 
M SAL 
Mid Salagou Fm 
(R2B-G) 
L SAL 



























Well to moderately 
rounded , rare euhedra l 
grains . 
Well to moderately 
rounded , rare euhedra l 
grains. 
Well to moderately 
rounded, - 1 0% euhedral. 
Moderately rounded to 
commonly euhedra l. 
Well to moderately 
rounded. 
Moderately to poorly 
rounded. Some euhedral. 
Well to moderately 
rounded. 
Well to moderately 
rounded. Rare, euhedral 
i>rains. 
Size 
Variable , 20- 100 
µm; Most 30 µm 
Sm al I (:SI 00 µm), 
but variab le. Most 
50-60 µm 
Variable ; most 50-70 
µm, length euhedral 
140 µm 
Variable, 50-120 
µm; Most 80 µm 
Small (:SI00 µm); 
Most 25-30 µm 
Small (:SI 00 µm), 
but variable. Most 
50-60 µm 
Small (:SI00 µm); 
Most :S 25 µm 
Small (:SI00 µm); 
Most 25-50 µm 
Zircon morphologies as a function of age, determined .ft-om CL images. 
Young< 330 Ma Colorless I 0% are moderately Small 
rounded 
Old > 1000 Ma Color less Moderately rounded Small 
Notes: No significant correlation of zircon morphologies as a function of age. 
Features 
Broken, fractures and inclusions are common. 
Concentric zoning in euhedral grains. Core/rim 
zones in - 10% grains. 
Concentr ic zoning apparent in - 20% grains. 
Few cracks, grains with core/rims very rare. 
Euhedral grains have concentric zoning. 
Core/rims are rare. Very few cracks. 
Most grains exhibit distinct zoning, and - 50% 
show core/rim zones. Cracks rare, especially 
compared to other units. 
Cracks common. Core/rim zones present, but 
rare. Abundance of H REE contaminants. 
Many have cracks and inclusions. Concentric 
zoning or core/rim zones are apparent in - I 0% 
grains . 
Concentric zoning apparent in some. Grains are 
broken and cracked . - 30% grains have 
core/rims. 
Concentric zoning apparent in euhedral grains. 
Cracks and inclusions common. - I 0% grains 
have core/rims. 
*Note: no sign(ficant correlation. 
Concentric zoning apparent in majority. Do not 
have metamorphic rims. 
Concentric zoning and cracks common. Some 
grains have core/rims. 
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Appendix E-3. Kemal Density Estim ate (KDE) plots for each detrita l zircon sampl e 
(Ve rmeesc h (20 I 2) . Age distributi ons are plotted simil ar to PDP s but with increase d 
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Appendix E-4. Cumu lative age probability plots show the summed probability of 
finding zircons of a specific age in a given samp le, and are plotted wit h increas ing age. 
These plots allow qualitative observat ion of general simi larities and differ ences in a set 
of age distributions (Gehre ls, 2008). 
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Appendix E-5. Subsidence Analysis Inputs , Assumptions , and Equations 
Tab le E-5.- Input module/o r subsidence analys is curve (Fig. 13) using OSXBackStr ip. 
Base Age b SL b W Db Toe Agct SLt WDt QC C Q o T 
X DM 4.430 300 0 0.2 4. 130 300 0 0. 1 2.6 1 0.168 27.5 
PA B 4. 130 300 0 0. 1 3.630 295 0 0.09 2.65 0.329 37.0 
HOU 3.630 295 0 0.09 3. 130 295 0 0.08 2.67 0.44 1 42.4 
USC L 3. I 30 295 0 0.08 3.030 289 0 0.07 2.66 0.392 38.1 
LR S 3.030 289 0 0.07 2.730 288 0 0.06 2.69 0.458 47 .4 
V LA 2.730 288 0 0.06 2.430 286 0 0.04 2.7 0.520 5 l. 0 
RAB 2.430 286 0 0.04 2. 130 279 0 0.009 2.67 0.462 39.0 
SAL 2. 130 279 0 0.009 0. 130 258 0 0.006 2.7 1 0.64 1 50.0 
T RIAS 0. 130 258 0 0.006 0 252 0 0 2.66 0.43 1 37.2 
Notes: For youn ge r rift bas in model, ce lls in gray are swa pped : 300 M a fo r 295 M a, and 
286 Ma for 28 l Ma. 
Thi s input model uses gra in density (pc; kg/m3), poros ity coeffi cient (c; I/km), 
and surfa ce poro sity (Q0 %) va lues from Hega rty ( l 988) to ca lcul ate modifi ed, mor e 
acc urate valu es for eac h stra tigra phi c unit base d on re lative perce ntages of shale, silt, 
sand , and con g lom erat e . Depth s to form ation (Top, Base) , sea leve l (SLb , SLt), and 
wa ter leve ls at depos ition (WDb , WDt ) are in km . All unit s are contin enta l depo sits, so 
sea leve l of 0 is entered. Wat er depth s at tim e of deposition for the pal eol ake were tak en 
from Pochat and Yan Den Dri essc he (2011). Bas in typ e (T) is co ntin ental (va lue of 1). 
Age control is the mo st likely sour ce of inacc urac y ow ing to a lack of foss ils (for 
relative datin g at con sistent incr ement s) in th e entir e ly contin ental Penna- Carbonif erou s 
sec tion . Ages (Ageb, Age t) are from Bru gui er et a l. (2003), Schneider et al. (2006), 
Poil vet et al. (2011), and Pitra et a l. (2012) (T able below ). Light gray cells (Table E-5, 
abo ve) highli ght input s that are changed to ca lcul ate youn ges t poss ible subsiden ce 
(Poi I vet et al. , 2011 ; Pitra et al., 2012). Signifi cant hiatu ses in sedim entation are also a 
common cause error in back strippin g analy sis (Xi e and Heller, 2009). Th ere are no 
confim1 ed unconformitie s in thi s section , but erosional cont acts occur th at repre sent 
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gaps and are included in upp er bounding unit s (because OSXBackStrip does not run 
with unconfonnities) , so age divisions between some stratigraph ic units were 
extrapolated. See Figure 13 for resulting tectonic subsidence curves. 
SOURCE bXDM tXDM tHOU bUSCL tUSCL bVL bRAB bSAL 
Bruguier 2003 300 295±5 
Schneider 2006 300 297.5 295 291 289 288 281 279 
Poi I vet 20 I I 294 ± 1 •• 
Pitra 20 I 2 295 ±5* 
Notes: Gray: U-Pb zircon age from bentonite layer. *U-Pb monazite shearing along 
Esp ino use Detachment. ••206Pb/238U zircon emplacement age of Mon ta let granite. 
OSXBackstrip v. 3.2 (Cardozo, 2013) use s ID Airy Backstripping that involves 
exponential reduction of sediment porosity with depth, and assumes that water and 
sediment loads are subject to the strength of the underlying mantle . While this is usually 
true , sediment loads are not always even ly suppo1ted by the underlying mantle in any 
given location , sediment porosity does not a lways decrease with depth exponentially, 
and there are anoma lies to assumptions about sediment or water loading and the nature 
of lithology-dependent compaction during burial (Cardozo , 20 13). The model assumes 
no removed overburden since the Pennian , but there was once approximately - 1.5-2.5 
km of Mesozoic sediments (pers. commun. Van Den Driessche , 2014). 
The backstripping procedure decompact s each time unit with the appropriate 
porosity va lues to reach a total decompacted thickness , or total subs idence , and then the 
total amount of sediment and water isostatic compensation is subtracted from the total 
subsidence to generate the tectonic subsidence curve. Water density ( I 000 kg/m3) and 
mantle density (3300 kg/m3) remain constant. The formulas and algorithms used in this 
I 11 
process in the OSXBackStrip program are from Allen and Allen (1990) and Watts 
(2001 ): 
1. Exponential decrease of porosity with depth: <D= <Doe-cy Wl1ere c is the porosity 
coefficient (1)0 is surface porosity , and <D is the porosity at depth y . 
2. General decompaction equation: y'2-y', = y2-Y1 - (<Dole)* {exp(-cy,)-exp(-cy 2) }+ 
(<Dole)* { exp(-cy' 1)-exp(-cy' 2)} Where y', and y'2 are the base and top of a 
stratigraphic unit before compaction , and y , and y2 are the present base and top 
of the unit after compaction. 
3. Sediment loading correction for continenta l basin: Y= S{(Pm-Ps)/(pm)} Where Y 
is the depth to the basement corrected for sediment load , S is the total thickness 
of the column corrected for compaction , and Pm, Ps, and Pw are mantle , mean 
sediment co lumn and water densities , respectively . 
4. Water loading co1Tection for continental basin: Yt=Y-t. sL Where t- sL is the 



















• ••• .., 
20% -1----,-----,------.------r-----.-------r-' 




















• • • : ' . -- --1------- _,,, 
O I 
: . 























--.. --- - --.---•• 
I 
I -1--- -----T--. : . 
• I 
--·-. --• 
10 20 30 40 50 
Age Difference (my) 
60 
Appendix E-6. Likeness metric output plots (Satkoski et al., 20 14). See Table 3 for 
sum mary of Likene ss (%) resu lts from statistica l com parison of age distributions from 
all detrital zircon sample s. Top: K-S test (P-va lues) vs. Likeness(%). Note the positive 
corre lat ion betwee n Likeness and K-S test results. Bottom: Likeness as a function of 
geo logic age. Note the lack of relation ship ; likeness is not a function of age. 
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Appendix E-7. Sericitized plagioclase in the Usclas Formation 
























19.9 Correction Method PAP 
ification 
Measures & Results 
Line Int W¾ A% Formula Ox% Cat# 
47 .09 61.64 0.00 0.00 
Ka 38 .1 0.82 0.13 0.71 MO 1.36 
Ka 1142.7 20.02 15.54 Al2O3 37.82 
Ka 1186.0 23.71 3.16 17.68 SiO2 50.73 
----t------,~---+----+---+------t----t-
Ka 366 . l 8.11 ( 78 4.34 K20 9.77 
--+--------<f-----+---+----+-------+-----+-
Ka 5. l 0.25 lu)2 0.09 FeO 0.32 
100.00 100.00 100.00 6.85 
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Appendix E-8. Rationales for Method s Emplo yed 
Detrital zircon U-Pb geochrono logy 
Zircon (ZrS iO4) is used for geoc hronologica l analys is beca use of its nea r-
un iversa l prese nce in crusta l rocks , neg ligib le concentration of lead, and res istance to 
alterat ion of the U-Th-Pb isoto pic sys tem th rough chemica l wea thering, metamorphi sm, 
and diage nes is (Ge hre ls et a l., 2008) . Weat hered and transported z irco n min era ls are 
prese nt in most sed imen tary rocks , and are therefo re a usefu l too l in provena nce stud ies , 
represe nting the ages of crys talline base ment fro m which they we re de rived . 
Sandston e p etrography 
Framework min era logy of unaltered sandsto ne y ields uni que info rmat ion about 
detr ita l mo des , and thu s prove nance , that cannot be ga ined w ith other techni ques. 
Moda l co mpos itions also shed light on tecto nic sett ings (Ingerso ll et al., 1984). 
Subsid ence ana lysis 
Backstr ipp ing enables assess ment of bas in subsidence patterns and clarifies 
informat ion abo ut the tecton ic se tting and evo lution of the bas in (Xie and Heller, 2009). 
Sedim ents in rift bas ins conta in a co mpl ete reco rd of depos itional environ ments, 
structu ral and them1al histor ies , and subsidence of deve lopin g bas ins, and thu s are a 
cruc ia l too l in the creatio n and eva luat ion of any give n bas in evo lution model (Hegarty 
et a l., 1988) . Backstripp ing analys is (A llen and A llen, 1990; Watts, 2001 ) iso lates 
tec tonic subsidence by iterat ive ly remov ing the isosta tic load of sedim ent and wa ter 
over ly ing eac h strat igra phi c layer. Resultin g plots are "gra phi c represe ntations of the 
verti ca l mo vement of stra tigraphi c horizo ns, show ing loca l sub sidence or upli ft since 















Appendix E-9. Maximum depositional age calculations 
Youngest 
Single Grain: 
Maximum De ositional A e Plot 
• Loi.ras Fm . 
297.5 ± 7.7 
• Rabejac Fm . 
285 .5 ± 4.3 
285 .1 ± 0.9 
286 .3 ± 1.2 
300.9 ± 5.6 
• Salago u Fm . 
283.1 ± 3.4 
Appendix E-9. Maximum depositional age plot for you ngest age populations in the 
Lo iras , Rabejac , and Sa lago u fo111atio ns (Upper Pe1111ian strata in the Lodeve Basi n). 
Trend lines show average , maximum depositional age w ith standard eITor. Individual 
ages and ca lculat ion methods are reported on the fo llow ing page . 
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Appendix E-9. Maximum depo sition al age calculation s 


































































Average (n=5) 285.1 0.9 
Notes: Max imum depos itional age ca lcul ations. The mean age of the yo unges t cluster (n 
~ 3) of gra in ages that ove rlap w ithin 2cr unce rta inty (gray) prov ides the most 
co nserva tive meas ure of yo unges t age, but often results in depos itional ages > l 0 Ma 
o lder than act ua l depos itional age (Dickin son and Ge hrels, 2009). Acco rdin g to 
Dickin son and Gehr els (20 09) , the yo ungest indi vidu al grain age in a zircon sampl e 
(bold ) is the most represen tative of de pos itional age (w ith in ± 5 Ma of the actual 
depos itional age; 1 cr uncertainty). Both yo unges t age meas ures we re appli ed to best 
eva luate the yo unges t detrit al z irco n age popul at ion in our sampl es . Youn ges t Permi an 
formations (Lo iras , Rabejac , Sa lago u) are p lotted in Appendi x E-9 (prev ious page) to 
show the max imum (Permi an) age of depos ition in the Lodeve-Gra issessac Bas in. 
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e Bram e 
324 Ma 
S - • 496 Ma amt 318 Ma Gueret Massif lvestr e 0 
St. Jean de Ligour e Puy Beaunit 
• 355-383 Ma 257 Ma 
e 325 Ma Pieguet Plovi er 
•
St. Mathi eu Dorn e Cornil & Porch er ie 
317Ma e 317Ma 
49 Ma e> e Mill evaches 
322-337 Ma 
Ornps, Boisset , 
Marcol es & Vernazes 
•~------_,__~ . 315 -331 Ma 
EXPLANATION . Glenat 
Sedimentary basins 320 Ma 
408 Ma 
• = Carboniferous e St. Saud 
• = Permian 315 Ma 
o =Variscan Massif 
Granitic/volcanic ages* 
• Granitic or orthogneiss 
protolith ages 
Volcanic (ash) ages 
Cambro-Qrdovician 
orthogne 1ss ages 
432 Ma 
Margeride Massif 
. 334 Ma 
100 km 
Appendix E-10. Supp lementary provenance map: Origina l vers ion of Fig. 17. Modified 
from Ledru et al. (1989) Femenias et al. (2003) and Bruguier et al. (2003) , and ages are 
from Faure et al. (2010) and Me lleton et al. (2010). 
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2sokm 
(Northern margin of . Gondwana) 
2100 Eburnian basement 
(1950-2225, >2300) 
Precambrian perl-Gondwanan terranes 
D =Ava Ionian affinity: 1.3-1.0 Ga juvenile crust D =Cadomian basement (650-540 Ma, with older intercalated 
era tonic blocks): formed on Gondwanan margin by recycling 
2-3 Ga W. African crust. 
Granitic/volcanic ages* 
= granitic or orthogneiss protolith ages 
= volcanic ages 
oldest, exposed basement (intercalated w/Cadomian ) 
'Cadomian granitoid /volcanic units not noted on "Cadomian basement " 
Appendix E-10. Supplementary provenance map: Original version of Fig. 18 showing 
individua l ages from numerous sources (App. E-1 l ). 
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Appendix E-11. Reference table for ages on source terrane maps (Fig 16-17). 
Mass if Central, France 
Jaujac 296 U-Pb Zr ash beds Bruguier ct al. , 2003 
Ccvennes 297 U-Pb Zr as h beds Bruguier et al., 2003 
Bcrtholene 296 U-Pb Zr as h beds Bruguier ct al. , 2003 
Roujan- effics 298 U-Pb Zr a h beds Bruguicr et al., 2003 
Graisscssac 295 U-Pb Zr ash beds Bruguicr et al. , 2003 
ioulc 318 Ar /Ar gneiss Faure et al. , 20 I 0 
Montmarault 330-320 U-Pb Zr gran ite Faure, 1995 
Puy Beaunit 257 U-Pb Zr mafic Femenias c t al., 2003 
Plateau d'Aigurandc 3 12 Rb/Sr granites Faure , 1995 
Brame 324 U-Pb Zr granite Faure, 1995 
Saint Sylvestre 3 18 N/A plutons Fa ure , 1995 
St. Jean de Ligourc 355 U-Pb Zr dioritc BRGM, 2007 
t. Jean de Ligourc 383 migmatite BRGM , 2007 
Picguet Plovicr 325 granodiorite Faure , 1995 
Comil & Porchcric 3 17 granitoid Faure, 1995 
St. Mathieu Dome 317 Rb/Sr grani te Faure , 1995 
t. Mathieu Dome 495 orthogneiss 
Tulle (LGU) 470 U-Pb Zr orthogneiss Mcllcton , 20 I 0 
Moulin du Chambon 529 U-Pb Zr orthogneiss Mclleton , 20 I 0 
Millevache 337-322 U-Pb Zr granite Faure et al. , 20 I 0 
Millevache 408 U-Pb Zr orthogneiss BRGM , 2007 
Glenat 320 UTh-Pb granite A urorc et a l., 2009 
Omps 331 UTh-Pb granite Aurore et a l., 2009 
Bois et 3 18 UTh- Pb gran ite Aurore et al., 2009 
Marcoles 3 15 Rb/ Sr granite Faure , 1995 
Veinazes 320 Rb/ Sr granite Faure, 1995 
St. Saud 3 15 Rb/ Sr granodiorite Faure , 1995 
Orthogneiss 408 U-Pb Zr orthogneiss Mclleton, 2010 
Pinet 469 U-Pb Zr orthogneiss Mcllcton, 20 10 
Margeride Massif 320-315 U-Pb Zr granite BRGM, 2007 
Margeride Massif 334 Rb/Sr granitoids Faure et a l., 20 I 0 
Margeri de Massif 415 UGU BRGM, 2007 
Rocles 320 U- Pb Zr granite BRGM, 2007 
N. Cevennes 330-326 U- Pb Zr granite Faure et al. , 20 I 0 
. Cevennes 3 15-280 Rb/ Sr gneiss Faure et al. , 20 I 0 
Velay 335-315 granite Ledru et al., 1994 
Velay 274-295 Rb/Sr gra nit oid Faure et al., 20 I 0 
Ve lay 300 Ma U- Pb Zr 111 igmatite Faure et al., 20 I 0 
Brevenne 365 U-Pb Zr ophiolitc BRGM , 2007 
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Brevcnne 497 U-Pb Zr orthogneiss BROM, 2007 
Morvan-Lyon 330 volcanic BROM, 2007 
Mo ntagne Noire Gneiss Dom e 
Sidobre 300 U-Pb Zr granite BROM, 2007 
Les Ma1iys 320 U-Pb Zr granite BROM, 2007 
Le Lampy 320 U-Pb Zr granite BROM, 2007 
Le Salvetat 300-306 UPb Mz migmatite Poujo l et al., review 
Laouzas 3 19 U-Pb Zr granite Poujo l et al. , rev iew 
Folat 300 IA granite BROM, 2007 
Georges d'Heric 45 1 U-Pb Zr orthognciss Roger et al., 2004 
Pont du Lam 456 U-Pb Zr orthogneis Roger ct al., 2004 
Sommail 47 1 U-Pb Zr orthognciss Cocherie et al., 2005 
t. Eutrope 455 2 U-Pb Zr orthogneiss Pitra ct al., 2012 
chi te X 550-545 U-Pb Zr Series ruffs Lcscuycr Cochcric 1992 
Axia l Zone 3 16 Ma Rb/Sr gneiss Faure ct al., 20 I 0 
Axial Zone 450 -47 1 Ma U-Pb Zr granite Faure et al., 20 I 0 
Montagne Noi re 455-294 U-Pb Zr gneiss Pitra et al., 20 12 
Montagne Noire 3 16 Ma Ar/Ar orthognciss Faure, 1995 
pinouse Oct. 297 Ar/Ar- orthogneiss Maluski et al., 199 1 
Vialais 320 Ma U-Pb Zr granite Faure et al., 20 I 0 
Vialais 327 Ma U-Pb Zr granite Mane et al., 1998 
Sou lie 3 18 Ma U-Pb Zr granite Faure ct al., 20 I 0 
Angles 325 Ma U-Pb Zr granite Faure et al., 20 I 0 
Montalet 294 U-Pb Zr lcucogra nite Poi I vet et al., 20 I I 
Montalet 326-333 Ma U-Pb Zr granite Faure et al. , 20 I 0 
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Appendh E-12. Unabridged Tectonic Back ground of the French Massif Central 
Tectonic Units of t he French Mass([ Central 
The stru cture of the Mass if Ce ntra l co nsists of imbri cate d napp es (Bu rg and 
Matte , 1978; Led ru et a l. 1994) wit h severa l generations of migmat ite, gra nit oids, and 
orthogne iss tbat record a comp lex and long- lived history of me tam orp hism, 
defom 1ation , and magmatism a soc iated w ith the ter min at ion of Ca domian (Pan 
Afr ica n) tec tonics , and the Devo nian th rough Permi an evo lution of the Va ri sca n be lt 
(F ig. 17): ( I ) The So uthe rn Pa leo zo ic fo ld and thru st be lt, a co nti ne nta l margin platform 
se ries recor ding Ear ly Ca mbr ian -D evo nian sedi mentat ion, (2) a para-a utoc hth onous 
eoproterozoic-Ordovic ian m icasc h ist w ith quartz ite and vo lca nic units , that 
overth rusts unit 1, (3) the Lower Gneis Unit (LGU) , is ana logo us to unit 2 but a lso 
inc ludes wides pread Ordov ic ian a lka line granito ids (now orth og neiss) , and (4) the 
Upp er Gneiss U nit (UGU) w hich inc ludes mafic and fe lsic sedi me nts and gra nito ids 
(480 Ma) that ex perienced high-press ure meta mor phi sm ca. 380 -36 0 Ma (Pin and 
La nce lot, 1982) , as we ll as severa l migmat ite , metagab bro , and ult ramafic rocks. (5) 
Ca mb rian metagreywacke , rhyo lite, and quartz ite uni ts are intrud ed by Ordo vic ian 
gra nit e form a se para te tec tonic uni t (nea r Limousin) that ex perienced low-press ure 
meta morphi sm , and (6) the Breve nn e uni t (nea r Lyo n) co nsists of mafic- ultr amafic 
pillow basa lt, ga bb ro , pyroc last ics and ca. 366 Ma vo lca nic roc ks. These uni ts are 
refe renced (by numb er) in the fo llow ing disc uss ion. 
Deformation and Magma /ism in the French Massif Central 
Two separat e hypotheses have been propose d to ex pla in the geo dynamic 
evo luti on of Western Europ e. Th e first invo lves long- live d co nve rgence of Go ndwa na 
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and Laurasia from the Silurian through the Ear ly Carboniferous (Matte , 1986; Lardeaux 
et al. , 2001) , while others (Pi n, 1990; Faure et al. , 1997) emphasize a poly-phase 
tectonic evolution invo lving (I) Cambrian-Ear ly Devonian opening and c losing of 
ocean basins , and Annor ican Massif accretion onto Gondwana , and (2) Middle 
Devonian-Carboniferous closure of the Rheic Ocean , fo llowed by convergence of 
Gondwana and Laurasia. Both reconstructions include the stages discussed in the 
fol lowing section . 
I. ln the Late eoproterozoic (600-542) , the Massif Central belongs to northern 
Gondwana , an active margin defined by continenta l arc magmatism , and vo lcano-
detrital deposit in the back arc basin (Cocherie , 2005). Thi s evolved to a passive 
margin in the latest eoproterozoic (BRGM , 2007) . 
2. Ear ly Cambrian , post-Cadomian (pan-African tectonics) extension along the 
northern Go ndwanan margin caused rifting , magmatism , and volcanism in the Massif 
Centra l through the Ear ly Ordovician (units 2 and 3; Soula et a l., 200 I ; Reil le, 1978; 
Bard , 1978; Roger et al. , 2004 ; Pin and Marini , 1993). The generation of 480-460 Ma 
granitoids is documented throughout the Massif Centra l (Diez Fernandez et a l., 2012; 
Arenas et al. , 2014) and characterizes the granitic protolith ages of ubiquitous 
01ihogneiss units (Pin and Lancelot , 1982; Roger et al. , 2004 ; Coche rie, 2005; Pitra et 
al. , 2012). This plutonism has been compared to Co lorado Plateau volcanism , pervading 
thick continental crust distal from subduction margins (Cocherie , 2005). Poly-phase 
tectonic reconstructions include Ear ly Ordovician continental drift of the Am1orican 
microcontinent (includin g rifting from, and subsequent re-welding onto the northern 
Gondwanan margin ) (Arenas, 2014 ; BRGM , 2007). The Massif Centra l sed imentary 
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record reflects continental deposition in the Cambro-Ordovician, followed by carbonate 
platform deposition in the Devonian (unit I). 
3. In the Late Silurian-Middle Devonian , no11hward subduction of the Gondwanan 
margin led to a significant deformation event 395-385 Ma (Floc'h , 1983; Quenardel and 
Rolin , 1984; Costa , 1992; Duthou et al., 1994; Roig and Faure, 2000; Arenas , 2014). 
The upper gneiss unit (unit 4, in NE Massif Central) contains several Cambro-
Ordovician migmatite (partially melted qua11zo-feldspathic) rocks that record high 
pressure , intermed iate temperature metamorphism during subduction (Lardeaux et al., 
200 I). Middle Devonian calc-alkaline volcanic rocks and accreted ophiolites in the NE 
Massif Central ( e.g . unit 6), and granodiorite plutons (NW Massif Central, Limousin) 
suggest evidence for subduction (deepest in NW Massif Central) , associated with a 
Middle Devonian magmatic arc-back-arc complex during the opening of the Rheic 
Ocean (Pin and Paquette, 1998; Roger et al., 2004; Didier and Lameyre , 1971; Pin et 
al., 1982). Ophiolites are composed of oceanic crust that was originally generated 
during Early Ordovician separation of Armorica from no11hern Gondwana (Matte, 
1991). 
4. Closure of the Rheic Ocean ca. 380 Ma ultimately led to collision of Laurentia, 
Bal ti ca and A valonia , with Gondwana and the Am1orican microcontinent (Arenas , 
20 I 4; Matte , 2001 ). Convergence related to this second collision extended through the 
Carboniferous , causing extensive intracontinental defom1ation in the Variscan Belt 
(Arenas , 2014) . Several locations in the northern (units 4 and 6) and central Massif 
Central record widespread, intermediate temperature and pressure metamorphism 360-
350 Ma. Shearing and recumbent folding in the southern Massif Central (Montagne 
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Noire) occurred 345-325 Ma (BRGM, 2007; Matte , 200 I ). Ea rly Ca rbonif ero us 
magmatism and defo m1ation is not well und erstood in a plate tecton ic context, but may 
represent the early stages of orogenic co llapse (Fa ure, 1995). It is assoc iated with "syn-
oroge nic extensional tectonics " because it is unc lea r whether the reg ional tectoni c 
se tting is exte nsional or co mpr ess ional; worke rs have interpreted structural ev iden ce of 
co mpr ess ion durin g thi s tim e w ithin the Montagne No ire and Ardennes , the southern 
and northern perimet ers, respect ive ly, of the Vari sca n belt (Led ru et al. 1989, 1994 ; 
Matte , 1986; Bur g et al. 1987). 
5. The Middle to Late Carbo nifero u (330-300 Ma) records the main period of 
plut onism in the Mas sif Ce ntra l, large ly co nstrained to the south . The tecton ic stress 
reg ime ( ex tens ional vs . compress ional) continu es to be debated (see App. E- 13 for 
discu ion) . Ba sin geometr ies that fo rmed during this time are either half-gra bens 
bound ed by normal faults , or pull -apart bas ins along wrench faults (Arthaud and Matte , 
1975; Bies et al., l 989; Becq-Giraudon and Van Den Dri essc he, l 990; Burg et al, 1990, 
I 994). In the south ern Massif Ce ntral , plut onism and migmatization occurred 319-300 
Ma in the Montagne oire (Faure et a l., 20 IO; Poilv et et a l., 20 11; Poujol et al. , in 
review) and simil arly, ca. 300 grani te empla cement also occurs in the Velay Dome 
(Mo ugeo t et al. , 1997) . Coupl ed with interbedd ed 298-295 Ma ash layers in Permo-
Car bonif ero us sed imentary basins , the yo unges t Paleozo ic magmati sm recorded in the 
Massif Central (300-294 Ma) is interpret ed to be relat ed to post-orogenic , no1thea st-
southwe st crustal extension , and collapse of the entire Variscan belt (Me nard and 
Molnar , 1989 ; Burg et al. , 1994). 
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Appendix E-13. Unabridged Tectonic Background of the Montagne Noire region 
Geology of the Montage Noire Dom e 
The NE-SW trending Montagne Noire (Fig. 16) is situated at the southernmost 
perimeter of the Vari scan Belt in the Ma sif Central. Montagne oire crust originally 
belonged to the Iberian-Catalan-Aquitaine block (Ebroia) , before it was incorporated 
with the lberian-Armorican arc (Matte, 1986) and was previou ly misinterpreted as 
granitic Precambrian basement (Demang e, 1975) . It is primarily composed of 
migmatized orthogneiss and micaschist , intruded by Late Variscan granodiorite , and is 
overlain Cambra-Ordovician schi st and marble (Geze , 1949 ; Bogdan off et al. , 1984). It 
is commonly divided into the orthern Side (lower Paleozoic metasedimentary units) , 
E E-WSW-trending Axial Zone dome, and Southern Side (Geze , 1949 ; Atthaud , 
l 970). Low-grade Paleozoic metasedimentary rocks on the Southern Side represent 
Cambrian-Middle Carboniferous deposition in the Variscan belt foreland basin (Engel 
et al. , 1980) , and exhibit km-scale recumbent folds (Southern Nappes) , commonly 
interpreted to record compressional stresses associated with south-directed Variscan 
thrusting ca. 330-300 Ma (Arthaud , 1970; Burg and Matte , 1978 ; Matte, 1986 ; Burg et 
al. , 1987). 
The Axial Zone is composed of Ordovician migmatized granitic orthogneiss, 
surrounded by a biotite-granite-staurolite micaschist , "Schistes X" (Arthaud , 1970; 
Bogdanoff et al. , 1984 ; Soula et al. , 200 I; Lescuyer and Cocherie , 1992). The upper 
Schistes X metasedimentary sections are dated around 545 Ma , from zircon in calc-
alkaline metadacite-metarhyolite interbeds (Series tuffs) . Post-Cadomian (560-500 Ma) 
Rb-Sr ages from orthogneiss and migmatite in the southern Massif Central ( e .g. Gorges 
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d'Heric , Sommail, Nore, Plaisance, Le Salvetat , Mazamet , Mendie , Velay Dome) were 
originally interpreted as the crystallization ages of the granite protolith (Ducrot et al. , 
1979 ; Allegre et al. , 1980; Faure et al. , 20 I 0) . Rb-Sr ages are now out of date, as U-Pb 
zircon geochronology of the same orthogneiss units (e.g. Gorges d'Heric , St. Eu trope , 
Pinet) show an early Ordovician (ca. 480-450 Ma) age of granite emplacement (Roger 
et al. , 2004 ; Pitra et al. , 2012 ; Melleton et al , 20 I 0) , which corresponds to the timing of 
rifting of Am1orica from Gondwana. These Ordovician granite intrusions (prevalent in 
the lower Montagne Noire metasedimentary series , "Schistes X") were subsequently 
defo1med into orthogneiss during Yariscan compression and deformation (Debat , 1974; 
Bard , 1978; Lescuyer and Cocherie , 1992 ; Cocherie et al. , 2005). A second generation 
of granitic plutons intruded the Axial Dome between 319-294 Ma (Poi I vet et al., 2011; 
Poujol et al. , in review). 
Migmatization of the Montagn e Noire Dom e 
Migrnatization of the dome occurred in two events: (A) 3 19 ± 2 Ma: first 
migmatization of the dome , and emplacement granite (La Salvetat-Laouzas) in the 
Axial Zone, and (B) a second crustal melting event 298-295 Ma , coeval with 
emplacement of the Montalet granite ca . 294 ± 3 Ma (Po ii vet et al. , 20 I l ; Poujol et al., 
in review). Thus , two types of ca. 320 Ma migmatites exist in the Axial Zone (e.g. Le 
Salvetat/Laouzas) , which are derived from early Paleozoic sediments , and granitic 
orthogneiss (mentioned above; Demange , 1975). One orthogneiss type is composed of 
40% quartz, 40% plagioclase feldspar and 10% potassium feldspar , and the other 35% 
quartz, 25% plagioclase feldspar , and 28% potassium feldspar (Demange, 1975; Soula 
etal. , 2001). 
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Montagne Noire Tectonics 
The tectonic interpretation of the Montagne Noire Gneiss Dome remains 
controversial (Van Den Driessche and Brun , 1992 ; Soula et al. , 2001) . Several ideas 
have been proposed , including: ductile wrenching and diapirism ( icolas et al. , 1977 ; 
Beaud , 1985), compressive anticlines (A1ihaud , 1970 ; Demange , 1975 ; Mattauer et al. , 
1996; Matte et al. , 1998) , diapiric uplift and regional shoriening (Faure and Cotterau , 
1988) , and metamorphic core complex (Yan den Dri essc he and Brun , 1992 ; Echtler and 
Malavieille , 1990). Regional post-Yariscan extensional tectonics , and local evidence of 
extensional strain, high-t emperature , low-pre ssure metamorphism , and detachment 
zones in the eastern Montagne oire durin g the Late Paleozoic favors the core complex 
model a proposed by Van den Orie sche and Brun ( 1992). This involves isostatic uplift 
and deformation of the lower crust in an asymmetric extensional system that generated 
folding of the footwall (Southern Nappes) , and basin development in the hangingwall 
(Lodeve , Graissessac , St. Affrique , Fig. 19). Peak metamorphic conditions are assumed 
to be 700 °C at 5 Kb in the gneissic core (Fig. 4 ; Soula et al., 200 I; Demange 1985). 
The timing and nature of Montagne Noire exhumation is not known. The core was 
rising continuously ca. 340-316 Ma , during metamorphism and deformation (Soula et 
al. , 2001; Costa and Maluski , 1988; Maluski et al. , 1991; Matte et al., 1998). 
Muscovite-biotite 40Ar /39Ar ages document younger deformation 315-297 Ma , 
progressively younging from the axial core to the southern nappes (Maluski et al., 
1991 ). These ages coincide with the ca. 300 Ma formation of the Lodeve, Graissessac, 
and St. Affrique basins (Soula et al., 200 I) , and are interpreted to reflect the timing of a 
later thermal pulse (Maluski et al., 1991 ). With a thermal gradient of 40 °C/km 
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(Thompson and Bard , 1982) , Ar-Ar ages reflect a minimum depth of the core 2: 17 km 
at 298 ± 2 Ma , during its most recent migmatization (Maluski et al. , 199 I ; Pujol et al. , 
in review). 
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